
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at |http : //books . google . com/ 




4a.(.9U^-^ 




l^arbarti College 2.ifrrarn 




W2^..lJXto.aiJz.. 



"tocvrriijrtxcLaA. 



■-'Pj^i^ --^'y T, 



M 



y 



r, -y^/ 



/ 



" .■::,y. 



< ( .. 



TREATISE ON OPTICS. 



BY 



SIR DAVID BREWSTER, LL.D.,F.R.S.L.&E. 

OQEKESPONDING MKMBER OF THE INSTITUTE OF FRANCE, HONORART 
MEMBER OF THE IMPERIAL ACAOEMT OF PETERSBURG, AND OF 
THE ROTAL ACADEMY OF SCIENCES OF BERLIN, ffTOCE- ^ 
HOLM, COPENHAGEN, OOTriNOEN, &C. 4tO. 



A NEW EDITION. 



WITH AN APPENDIX, CONTAINING AN ELEMENTARY VIEW OF THE APPUCA- 
TION OF ANALYSIS TO REFLEXION AND REFRACTION, 



B7 A. D. BAORS, AHA. 

PROFESSOR OF NAT. PHILOS. AND CHEMISTRY IN THE UNnTERSITY OF 
PENNSYLVANIA, ONE OF THE SECRETARIES OF AM. PHILOS. SOC, 
. ACAD. NAT. SC, HON. MEM. ASSOCIATE SOa 
OF NEWPORT, R. L 



PHILADELPHIA: 
LEA AND BLANCHARD, 

SUCCESSORS TO CAREY k, CO. 

1839. 









Entered according to the act of congress, in the year 1833, by Cakkt, 
Lea, & Blanchaild, in the clerk's office of, the district court of the 
I district of Pennsylvania. 



RVRZomraD BT 



J. JSkOV^ 



NOTE BY THE AMERICAN EDITOR. 



My object in undertaking the revision of the Treatise 

on Optics by Dr. Brewster was, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refraction, as might adapt the work to 

use in those of our colleges in which considerable exten. 

sion is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the au^or in a second Edition. 

A. D. BACHE. 
Philadelphia, Jan., 1883. 
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A TREATISE ON OPTICS. 



INTRODUCTION. 

(1). Opncs, from a Greek word which signifies to see, is 
that branch of knowledge w^ich treats of the properties of 
liffht and of vision, as performed by the human e^e. 

(2). Light is an emanation, or something which proceeds 
from bodies, and by means of which we are enabled to see 
them by the eye. All visible bodies may be divided into two 
classes — self-luminous and non4uminous. 

Self-luminous bodies, such as the stars, flames of all kinds, 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Nonrluminous bodies are those which have not the power of 
discharging light of themselves, but which throw back the 
light which ialls upon them from self-luminous bodies. One 
non-luminous body may receive light from another non-lumi- 
nous body, and discharge it upon a third ; but in every case 
the light must originally come from a self-luminous body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seen by the light which proceeds from the 
flame itself; but the objects in tJe room are seen by the light 
which they receive from the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
fall, receive light from the white ceiling and walls, and thus 
become visible to the eye. 

(3). All bodies, whether self-luminous or non-luminous, dis- 
charge light of the same color with themselves. A red flame 
or a red-hot body discharges red light ; and a piece of red 
cloth discharges red light, though it is illuminated by the 
white light of the sun. 

(4]). Light is emitted from every visible point of a luminous 
or of^an illuminated body, and in every direction in which the 
point is visible. If we look at the fiame of a candle, or at a 
sheet of white paper, and magnify the^ ever bo much, we 
fihaU not observe any points destitute of light 
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r5.^ Light moves in straight linos, and consists of separate 
ana independent parts, called rays of light If we admit the 
light of the sun into a dark room through a small hole, it will 
illuminate a spot on the wall exactly opposite to the sun, — the 
middle of the spot, the middle of the hole, and the middle of 
the sun, being all in the same straight line. If there is dust 
or smoke in the room, the progress of the light in straight 
lines will be distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole light, and allow only the smallest portion to 
pass, the part which passes is not in the slightest degree af- 
fected by its separation from the rest The smallest portion 
of light which we can either stop or allow to pass is called a 
ray of li^ht 

' (6). Light moves with a velocity of 192,500 miles in a 
second of time. It travels from the sun to the earth in seven 
minutes and a half. It moves through a space equal to the 
circumference of our, globe in the 8th part of a second, a 
flight which the swiftest bird could not perform in less than 
three weeks. 

(7). When light fells upon any body whatever, part of it is 
reflected or driven back, and part of it enters the body, and i» 
either lost within it or transmitted through it When the 
body is bright and well polished like silver, a great part of the 
light is reflected, and the remainder lost within the silver, 
which can transmit light only when hammered out into the 
thinnest film. When the body is transparent, like glass or 
water, almost all the light is transmitted, and only^ a small 
part of it reflected. The light which is driven back from 
bodies is reflected according to particular laws, the considera- 
tion of which forms that branch of optics called catoptrics ; 
and the light which is transmitted through transparent bodies 
is transmitted according to particular laws, the consideration 
of whic^ constitutes the subject of dioptrics. 
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PART I. 

. ON THE RBFLEXION AND EEFRACTION OF LKffiT. 



CATOPTRICS. 



(8.) Gatoftrigs is that branch of optics which treats of 
the process of rays of light after they are reflected from sur- 
faces either pkne or curved, and of the fera^tion of images 
from objects placed before such surfiiaes. 

CHAP. I. 

RBFLEXIOII BT fiPECUXiA AND IflBRORS. 

(9.) Any substance of a regular form employed for the pur- 
pose of reflecting light, or of fori^inf images of objects, is 
called a speculum or mirror. It is g^nera^. made of metal 
or glass, having a highly polishedsormce. The name of mir- 
ror is commonly given to refiectors that are made of glass ; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either planer concave, or 
convex. 

A]^ane speculum is one which is perfectly flat, like a look- 
ing-^ass ; a concave speculum is one which is hollow like the 
inside of a watch-glass ; and a convex speculum is one which 
is round like the outside of a watch-glass. 

As the light which falls upon dass mirrors is intercepted 
by the glass before it is reflected from the quick-silvered sur- 
&ce, we shall suppose all our mirrors to be formed of polished 
metal, as they are in almost all optical instruments. 
(IL) When a ray of light, A b,fig. 1., Mia upon a plane 
speculum, M N, at the point D, it will 
be reflected or driven back m a <&^Gtioa 
D B, which is as much inclined to £ D, 
a line perpendicular to M N, as the ra^ 
A D was; that is, the angle B D £ is 
equal to A D £, or the circular arc B £ 
is equal to £ A. 
B 
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1 The ray A D is called the- incident ray, and D B the re- 
flected ray, A D E the angle of incidence, and B D E the 
angle of reflexion; and a plane passing through A D and 
D B, or the plane in which these two lines lie, is called the 
plane of incidence, or the plane of reflexion, 

(12.) When the speculum is concave, as M N,^^. 2., then 

if C be the centre of the circle of 

which M N is a part, the incident ray 

A D and the reflected ray D B will 

fi>nn equal angles with the line C D, 

which is perpendicular to the small 

portion of the speculum on which the 

ray falls at D. Hence in this case also 

n ^ ^ the angle of incidence A I^ E is equtd 

to the angle ofreflexion B D E. 

(13.) When the speculum is convex, as M N,^^. 3., let C 

«* 3 . be the centre of the circle of which M N 

* forms a part, and C E a line drawn 

^^-.-5-*^^^ through D ; then the angle of incidence 

b/"^ •^A a D E will be equal to 3ie angle of re- 

/\ y\ flexion B D E. 

/ ^V /^ \ These results are found to be true by 
\j^^^ '^^W experiment ; and they may be easilv 
Hfr^ ^IN proved by aidmitting a ray of the sun's 

light through a hole in the window-shut- 
ter, and making it fell on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the direction D R 
If the incident ray A D is made to approach the perpendicular 
D E, the reflected ray D B will also approach the perpendicu- 
lar D E ; and when the ray A D falls in the direction E D, it 
' will be reflected in the direction D E. In like manner 
when the ray AD approaches to D N, the ray D B will ap- 
proach to D M. 

(14.) As these results are true under all circumstances, we 
may consider it as a general law, that when light fcdls upon 
any surface, whether plane or curved, the angle of its reflex^ 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application for find- 
ing the direction of a reflected ray when we know the direc- 
tion of the incident ray. HAD, for example, ^^«. 1, 2, 3., 
is the direction in which the incident ray falls upon the mirror 
at D, draw the perpendicular D E m^^. 1., and in fig, 2 or 
fig, 3. draw a line from D to C, the centre of the curved smv 
&ce M N ; and, havmg described a circle M B E A N round 
D as a centre, take \& distance A £ iii) the compaaBes and 
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carry it from E to B, and having drawn a line fiom D to B, D B 
will be the direction of the reflected ray. 



Reflexion of Rays from Plane Mirrors. 

(15.) Reflexion of parallel rays. When parallel or equidis- 
tant rays, A D, A' T^'^fig^ 4., are incident upon a plane mir- 




ror, M N, they will contmue to be parallel after reflexion. By 
the method already explained, describe arches of circles round 
D, D' as centres, and make the arch from E towards B equal 
to that between A D and D E, and also the arch from E' to- 
wards B' equal to that between A' D' and D' E' ; then drawing 
the lines D B, D' B', it will be found that these lines are par- 
allel. If the space between A D and A' D' is filled with other 
rays parallel to A D, so as to constitute a parallel beam or 
mass of light, A A' D' D, the reflected rays will be all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted ; for the side A D, 
which was uppermost before reflexion, will he undermost, as 
at D B, after reflexion. 

(16.) Reflexion of diverging rays. Diverging rays are 
those which proceed from a point, A, and separate as they ad- 
i^ance, like A D, A D', A D". When such rays fell upon a 

Fig. 5. 




16 



A TBEATIBE ON OFTICS. 



PAR* I. 



plane mirrpr M N^fig. 5., they will be reflected in directions 
P B, D' B', D" B", making the angles B D.E, B' D' E', 
B" D" E" respectively, equal to A D E, A D' E!, A D" E" ; 
the lines D B, D' E,' D" E" being drawn from the points 
D, D', D", where the rays are incident, perpendicular to M N ; 
and by continuing the reflected rays backwards, they will be 
found to meet at a point A' as far behind the mirror M N as 
A is before it; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Hence the rays will have 
the same divergency after reflexion as they had beibre it If 
we consider A D" D as a divergent beam of light included 
between A D and A D'^ then the reflected b^m included 
between D B and D" B" will diverge from A', and will be in- 
verted after reflexion. 

(17.) Reflexion of converging rays. Converging rays 
are those which proceed from several points A A' A", Jig, 6., 
to\^^Ms one point R When such rays &11 upon a plane 
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mirror, M N, they will be reflected in directions D B', D' B',* 
D" B', forming the same angles with the perpendiculars D E, 
D' E', D" E", as the incident rays did, and converging to a point 
B' as far before the mirror as the point B is behmd it If we 
consider A D D" A" as a convergmg beam of light, D" B' D 
will be its form tffter reflexion. 

In all these cases the reflexion does nothing n^re than 
invert the incident beam of light, and shift its point of diver- 
gence (nr convergence 4o Ihe opposite side of the mirror. 



Reflexion of Rays from Concave Mirrors, 

^8.) Rejkocum of parallel rays. Let M N, fig. 7., be a 
concave murror whose centre of concavity is C ; and let A D, 
AM, A N be parallel rays, or a parallel beam of light falling 
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Upon it, at and near to the vertex D. Then, since C M, C N 
are perpendicolar to the surface of the mirror at the points M 
and N, C M A, C N A will be the angles of incidence of the 
rays A M, A N. Make the angles of reflexion C M F, C N P 
equal to C M A, C N A, and it will be found that the lines 
M F, N F meet at F in the line A D, and these lines M F, 
N F will be the reflected rays. The ray A C D being per- 
pendicular to the mirror at D, because it passes through the 

Fig. 7. 
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tientre C, will be reflected in an opposite direction D F ; so 
that all the three rays, A M, A D, and A N, will mefet at one 
point, F. In like manner it will be found that all other rays 
between A M and A N, falling upon otfier points of the mirror 
between M and N, will be reflected to the same point F. The 
point F, in which a concave mirror collects the rays which fall 
upon it, is called the/oct**, at fire-place, because the rays thus 
collected have the power c^ burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its privr 
cipal focus, or its focus for parallel rays. When we consider 
that &e rays which form the beam A M N A occupy a large 
space before they fall upon the mirror M N, and by reflexion 
are condensed upon a small space at F, it is easy to understand 
how they have the power of burning bodies placed at F. 

Rule. — ^The distance of the &cus F from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance F D is called the 
principal focal distance of the mirror. The truth of this rule 
may be found by projecting fig, 7. upon a large scale, and by 
taking the points M N near to D. 

(19.) Refkodon of diverging rays. Let M N, fi^. 8., 
be a concave mirror, whose centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiatmg from 
the point A, fell up(Hi the mirror at the points, M, D, N, 
and be reflected ftom these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points M, D, and N, we shall ^find 
B2 
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the reflected rays M F, N F, by making the angie F M C 
equal to A M C, and F N C equal to A N C ; and the point F 
where these rays meet will be the focus where the diverging 
rays A M, A N are collected. By comparing ^^. 7. with^J^. 
8. it is obvious that, as the incident ray A M in fie: 8, is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray M F will also be nearer the perpendicular C M 
than thi same ray in Jig. 7. ; and as the same is true of the 
reflected ray N F, it follows that the point F must be nearer 
C in Jig, 8. than in jfJ^. 7. ; that is, in the reflexion of diverg- 
ing rays the focal distance D F of the mirror is greater than 
its focal distance for parallel rays. 

If we suppose the point of divergence A, Jig. 8., or the 
radiant pointy as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays M F, N F will also ap- 
proach to C M, (5 N ; that is, as the radiant point A approaches 
to the centre of concavity C, the fiwus F also approaches to 
it, so that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, C-, -of a concave mirror, 
they will all be reflected to the same pwnt 

If the radiant point A passes C towards D, then the focus F 
will pass C towards A ; so that if the light now diverges from 
F it will be collected in A, the points that were formerly the 
radiant points bdng now the focL From this relation, or in- 
terchange, between the radiant points and the foci, the points 
A and F have been called conjugate foci, because if either 
of them be the radiant point the other will be the focal point 

If in Jig. 7. we suppose F to be the radiant point, then tiie 
fecal point A will be at an infinite distance ; that is, the rays 
will never meet in a focus, but will be parallel, like M A, N A 
in ^^.7. 

In like manner it is obvious, that if the point F is at/ as in 
Jig. 9., the reflected rays will be Ma, N a; that is, they will 
diverge frooi some point, A', behind the suzror M N ;;und' as 
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J"approaches to D, they will diverge more aad more, as if the 
point A', from which they seem to diverffe, approached to 
I). TTie point A' behind the mirror, from wnieh the rays M a, 
N a seem to proceed, or at which tliey would meet if they 
moved backwards in the directions a M, a N is called their 
virtual JbcuSf because they only tend to meet in that focus. 

In all these cases the distance of the focus P may be deter- 
mined either by projection or by the following rule, the radius 
ci the concavity of the mirror, C D, and the distance, A D, 
of the radiant point, being given. 

Rule. Multipl)^ the distance, A D, of the radiant jwint from 
the mirror by the radius, C D, of the mirror, and divide this 
product by the difference between twice the distance of the 
radiant point and the radius of the mirror, and the quotient 
will be F D, tiie conjugate focal distance required. 

In applyii^g this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
Btftjig. 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule. 

(20.) Refleanwi of converging rays. Let M N,Jig, 10., be 
a concave mirror whose centre* of concavity is C, and let rays 
A M, A D, A N, converging to a point A' behind the mirror, £blI1 
upon the mirror at the points M, D, and N, and suffer reflexion* 
at these points; M and N being near to D. The lines C M, C D, 
and C N being perpendicular to the mirror at the points M, D, 
and N, we shall find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and F N C equal to A N C ; 
and the point F, where these rays meet, will be ^e focus where 
the converging rays A M, A N are collected. By comparing 
Jig. 10. with jfe-. 7. it will be manifest, that, as the incident ray 
A M in Jig. 10. is farther from the perpendicular C M than 
^e same ray A M in Jig. 7., the reflected ray M F in Jig. 10 
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will also be fiurther from the perpendicular C M than the same 
my in fig* 7. ; and as the same is true of the reflected ray N F, 
it follows that the point F must be farther from C in fig. 10. 
than in^^. 7. ; that is, in the reflexion of converging rays, 
the conju^te focal distance DF of the mirror is less tJan its 
distance ror parallel rays. 

If we suppose the point of convergence A\fig. 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, ON; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F will like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes farther from D to the 
left, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
fig. 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
' following rule. 

Rule. Multiply the difirtance of the point of convergence 
firom the mirror by the radius of the mirror, and divide ^this 
product by the sum of twice the distance of the radiant point 
and the ludi^ls C D, and the quotient will be tlie distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

Refiexion of Rays from Convex Mirrors. 

(21.) Reflexion of parallel rays. Let M N, fig. 11., be a 
convex mirror whose centre is C, and let A M, A D, A N be 
parallel rays &lling^upon it Continue the lines C M and C N 
to Ey and M E, N £ will be perpendicular to the surface of 
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tte mirror at the points M and N. The raya A M, A N will 
therefore be reflected in directions M B, N B, the angles of 
reflexion £ M B, E N B being equal to the angles of incidence 
E M A, E N A. By continuing the reflected rays B M, B N 
backwards^ they will be found to meet at F, their virtual &cus 
behind the mkror; and the £xal distance D F for parallel rays 

Fiff. li. 




will be almost eicactly one half of the radios of ixmyodty 
C D, provided the points M and N are taken pear D. 

(22,) Reflexion of diverging rays. Lei M N, J^. 12., be a 
convex mirror, € its centre of convexity, and A IC AN rays 

Fig. 12. 




diverging from A, which fall upon the mirror at the points 
M, N. The lines C M E and C N E will be, as before, per- 
pendicular to the mirror at M and N ; and consequently, if 
we make the angles of reflexion E M B, E N B equal to the 
angles of incidence EM A, E N A, M B, N B will be the re- 
flected rays which, when continued backwards, will meet at 
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F, their virtual focus behind the mirror. By comparing fig, 
12. with fig» 11., it is obvious tha,t the ray A M, fig. 12., is 
&rther from M E than in fig. 11., and consequently the re- 
flected ray M B must also be &rther from it. Hence, as the 
same is true of the ray N B, the point F, where these rays 
meet, must be nearer to D in fig, 12. than in^^. 11. ; that is, 
in the reiexion of diverging rays, the virtual focal distance 
D F is less than for parallel rays. 

For the same reason, if we suppose the point of divergence 
A to approach the mirror, the virtual focus F will also ^approach 
it; and when A arrives at D, F will also arrive at D. In like 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the rays become 
parallel, as mfig. 11., F will be half-way between D and C. In 
all these cases, the focns is a virtual one behind the mirror.* 



CHAP. n. 

IHAGISS FORMED BT MIBBORS. 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet of paper. Images are gtenerally form- 
ed by mirrors or lenses ; though they may be formed also by 
phwmg a screen, with a small aperture, between ti^e object 
and the sheet of paper which is to receive the image. In 
order to understand this, let C D be a screen or window-shut- 

Flg. 13. 




^ ter with a small aperture. A, and E F a sheet of white paper 
placed in a dark room. Then, if an illuminated object, RGB, 
is placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper at r ^ A. In 
order to understand how this takes place, let us suppose the 
object R B to have three distinct colors, red at R, green at Gi 
and blue at B ; th^i it is plain that the red light m>m R will 

* For a discuasion of the subjects in this chapter, see (in the College Edi 
tioo) the Appendix of American Editor, Chapter I. 
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pass in straight lines through the aperture A, and fall upon 
the paper £ F at r. In like manner the green liffht €rom G 
will fall upon l^e paper at g, and the bltie heht rrom B will 
&11 upon the paper at b ; thus painting upon the paper an in- 
verted image, rb, of the object, R R As every colored point 
in the object R B has a colored point corresponding to it, and 
opposite to it on the paper E F, the image b r will be an^ac- 
curate picture of the object R B, provided the aperture A is 
very small. But if we increase the aperture, the imafe will 
become less Satinet ; and it will be nearly obliterated when 
the aperture is large. The reason of this is, that, with a 
large aperture, two adjacent points of the object will throw 
their light on the same point of the paper, and thus create 
confusion in the image. 

It is obvious from^^. 13., that the size of the image b r will 
increase with the distance of the paper E F behind the hole 
A. If Ag is equal to A G, the image will be equal to the 
object; if A ^ is less than A G, the image wilj be less than 
the object; and if A g- is greater than AG, the image will 
be greater than the object. 

As eajch point of an object throws out rays in all directions, 
it is manifest that those only which &11 upon the small aper- 
ture at A concur in forming the ima^ b r ; and as the num- 
ber of these rays is very small, the image 6 r must have very 
little light, and therefore cannot be us^ for any optical pur- 
poses. This evil is completely remedied in the formation of 
images by mirrors and lenses. 

(&.) Formation of images by concave mirrors. Let A B, 

Y' 14., be a concave mirror whose centre is C, and let M N 

an object placed at some distance before it. Of all the 

Fig. 14. 




rays emitted in everjr direction by the point M, the mnror re- 
ceives only those which lie between M A and M B, or a cone 
of rays MA B whose base is the spherical mirror, the section 
of which is A R If we draw the reflected rays A m, B m, 
for all the incident rays M A, M B, by the methods already 
desjpribed, we shall find that they will all meet at the p«int m, 
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and will there paint the extreis&y M of tlie ol^ect In lilM 
maimer, the cone of rays NAB flowing from the other ev 
tremity N of tb4 object will be reflected to & fooM at «, and 
will there paint that point of the object For the datne reasop, 
cones of rays flowing ^m interxnediate points between M 
and N wiU be reflected to intermediate pcnnts in the image 
between m and n, and m n will be an exact in¥erted picture 
uf the object M N. It will also be very bright, because a 
great number of rays concur in forming each point of the 
image. The distance of the ima^e from the mirror is found 
by the same rule which we have given for finding the focus of 
diverging rays, the points M, m in Jig, 14. corresponding with 
A and F in^^. 8. 

If we measure the relative sizes of the object M N and its 
image m n, we i^all find that in every case the size of the 
image is to the size of the object as the distance of the image 
fi:om the mirror is to the -distance of the object from it. 

If the concave mirror A B is large, and if the object M N 
is very bright, such as a plaster of Paris statue strongly illu- 
minated, the image m n will appear suspended in the air ; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the 
size and place of the image. When Sie object is placed at 
m n, a magnified fepresentation of it will be formed at M N. 
(25.) Formation of images by convex mirrors. In concave 
mirrors there is, in all cases, a real image of the object formed 
in front of the mirror, excepting when me object is placed be- 
tween the principal focys and the mirror, in which case it 
gives a virtual image formed behind it ; whereas in convex 
mirrors the image is always a virtual oae formed behind the 
mirror. 
Let A B,^^. 15., be a convex minor whose centre is C, and 
Pig ^ M N an object placed before it ; and let 

the eye of the observer be situated any- 
where m front of the mirror, as at £. 
Out of the ^at number of rays which 
are emitted m every direction from the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter the eye at E. Those 
which do enter the eye, such as D £, 
FEand6£,HE,willbe reflected 
from the portions D F, G H of the mir- 
ror so situated with respect to the eye 
and the points M, N that the angles of incidence and reflexioQ 
will be equaL The ray M D will be reflected in a direcHoa 
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D £, fbnning the same an^le that M D does with the perpen- 
dicdar C N, and the ray N G in the direction G E. In like 
manner, F E, H E will be the reflected rays corresponding to 
the incident ones M F, N H. Now, if we continue backwards 
the rays D E, F E, they will meet at m ; and they will there- 
fore appear to the eye to have come from the point m as their 
focus. For the same reason the rays G E, H E will appear to 
ccHne from the point n as their focus, and m n will be the vir- 
tual image of the object M N. It is called virtual because it 
is not formed by the actual union of rays in a focus, and cannot 
be received upon paper. If the eye E is placed in any other 
position before the mirror, and if rays are drawn from M and 
N, which after inflexion enter the eye, it will be found that 
these rays continued backwards will have their virtual foci at 
m and n. Hence, in every position of the eye before the mir- 
ror, the image will be seen m the same spot m n. If we draw 
the lines C M, C N from the centre of the mirror, we shall 
find that the points m, n are always in these lines. Hence it 
is obvious that the image wi n is always erecU and less than 
the object It will approach to the mirror as the object M N 
approaches to it, and it will recede from it as M N recedes ; 
and when M N is infinitel}^ distant, and the rays which it 
emits become parallel, the image m n will be half-way be- 
tween C and the mirror. In other positions of the object the 
distance of the image will be found by the rule already given 
for divergii^g rays falling upon convex mirrors. The size of 
the image is to the size of the object, as C m, the distance of 
the image from the centre of the mirror, is to C M, the dis- 
tance of the object In approaching the mirror, the image 
and object approach to equality ; and when they touch it, they 
axe bofii of the same size. Hence it follows that objects are 
always seen diminished in convex minors, unless when they 
actually touch the mirror. 

(26.) Formation of images by plane vtkrors. Let A B, 

Fig. 16. Jig, 16., be a plane mirror or looking-glass, 

^^^^^ ^ M N an oWect situated before it, and E 

Mfl^ j\ -^ the place of the eye ; then, upon the very 

j\^ vW same priw:iples which we have explained 

N>v IMf/ ^*^' * ^^'^^^ mirror, it will be found that 

^aJ__\;^3K^ ^ *^ image of M N will be formed at m n, 

I ^Ff^^* the virtual foci tn, n being determined by 

I -/^ I if continuing back the reflected rays D.E, 

[/' j^ F E till they meet at fn, and GE, HE till 

Mlt..^fjf they meet at n. If we join the points 

■^ '* M, m and N, n, the Imes M m, N n will 

C 
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be perpendicular to the mirror A B, and consequently parallel ; 
and the image will be at the same distance, and have the same 
position belrnid the mirror that the object has before it Hence 
we see the reason why the images of all objects seen in a 
looking-glass have the same form and distance as the objects 
themselves.* 



DIOPTRICS. 



(27.) Dioptrics is that branch of optics which treats of the 
progress of those rays of light which enter transparent bodies 
and are transmitted through their substance. 

CHAP. IIL 

REFRACTION. 

(28.) When light passes through a drop of water or a piece 
of glak, it obviously suffers some change in its direction, be- 
cause it does not illuminate a piece of paper placed behind 
these bodies in the same manner as it did before they were 
placed in its way. These bodies have therefore exercised 
some action, or produced some change upon the light, during^ 
its progress through them. i 

In order to discover the nature of this change, let A B C D- 
^ig- 17. be an empty vessel, having a hole 

li^ H in one of its sides B D, and let a 
lighted candle S be placed within a 
few feet of it, so that a ray of its 
light S H may fall upon the bottom 
C D of the vessel, and form a round 

spot of light at a. The beam of 

c« z. c N o --*^ ligijt S H R fl will be a straight 

line. Having marked the point a which the ray Q^pm S 
strikes, pour v^teAito the vessel till it rises to the level £ F. 
As soon as the surface of the water has become smooth, it will 
be seen that the round spot which was formerly at a is now 
at by and that the ray S H R 6 is bent at R; H R and R 6 
being two straight lines meeting at R, a point in the surface 
of the water. Hence it follows, that all objects seen under 
water are not seen in their true direction by a person whose 
eye is not immersed in the water. If a fish, for example, is 
lying at b,Jig. 17., it will be seen by an eye at S in the direc- 
tion S a, the direction of the refracted ray R S ; so tJhat, in 

* For the formation of imafes by mirron, see (in the College edition) the 
Appendix of Am. ed. chap. ii. 
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x>rder to shoot it with a ball, we must direct the gnn to a 
point nearer us than the point a. For the same reason, every 
point of an object under water appears in a place different 
Crom its true place ; and the difference between the real and 
apparent place of any point of an object increases with its 
depth beneath the surface, and with the obliquity of the ray 
R S by which it is seen. A straight stick, one half of which 
is immersed in water, will thererore appear crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for example, will appear bent like S R 6; 
and a rod bent will, far a like reason, appear straight. This 
effect must have been often observed in the case of an ov: 
dipping into transparent water. 

If in place of water we use alcohol, oil, or glasSf the sur- 
faces of all these bodies coinciding with the line EF, we shall 
find that they all have the power of bending the ray of light 
S R at the point R; the alcohol bending it more than the 
water, the ail more than the alcohol, and 3ie glass more than 
the oil. In the case of glass, the ray would S3 bent into the 
direction R c. The power which thus bends or changes the 
direction of a ray of light is called refraction, — a name de- 
rived from a Latin word, signifying breaking hack, — ^because 
the ray S R a is broken at R, and the water is said to refract, 
or break the ray, at R. Hence we may conclude that if a 
ray of light, passing through air, falls in an oblique or slanting 
direction on tlie surface of solid or fluid bodies that are trans- 
parent, it will be refracted towards a line, M N, perpendicular 
to the surface E F at the point R, where the ray enters it ; 
and that the quantity of this refraction, or the angle o R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
different refractive powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cemented on the bottom of it at 
a. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
through the hole H. If water be now poured into the vessel 
•up to E F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards h, it 
will become visible when it reaches h. Now, as the ray from 
the sixpence at h reaches the eye, it must come out of me 
water at a point, R, in the surface, found by drawing a straight 
line, SHR, through the eye and the hole H; and conse- 
<]nently h R must fie the direction of the ray, which makes 
<iie sixpence visible, befbr^ its refraction at R. But if this 
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ray had moved onwards in a straight line, without heing re- 
fracted at R, its path woald have teen b H; whereas, in con- 
sequence of the refraction, its path is R H. Hence it follows, 
that when a ray of light, passing through any dense medium, 
such as water, &c., in a direction oblique or slanting to its 
surface, quits the. medium at any point, and enters a rarer 
medium, such as air, it is refracted from the line perpendicu- 
lar to the, surface at the point where it quits it 

Whe4 the ray S H R from the candle falls, or is incident 
upon tli6 surface £ F of the water, and is refracted in the di- 
. rection R 6, towards the perpendicular M N, the angle M R H 
which it makes with the perpendicular, is called the angle of 
incidence ; and the angle N R 6, which the ray R b tent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H R is called the iTicident 
ray, and R 6 the refracted ray. But when the light comes 
out of the water from the sixpence at b^ and is refracted at R 
in the direction R H, & R is the incident ray and R H tlie 
refracted ray. The angle N R 6 is the angle of incidence, 
. and M R H the angle of refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium, as from air to water, the angle of incidence 
is greater than the angle of refraction; and when light 
passes rnU of a denser into a rarer medium, as out of water into 
air, the angle of incidence is less than the angle of refrac- 
tion: and these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray tecomes 
the refracted ray. 
(29.) In order to discover the law, or rule, according to 
which the rays of light enter or quit 
water, or other refracting media, so 
that we may te able to determine the 
refracted ray when we know the di- 
rection of the incident ray, descrite a 
circle M N upon a square board 
A B C D, fg. 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tute, H R, te so made that it 
may te attached to the board along 
aay radius H R, H' R, or, what would 
te still tetter, that it may move 
freely round R as a centre. Let the board with its pedestal te 
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placed in a pool or tub of water, or in a glass vessel of water, so 
that the surface of the water may coincide with the line E F 
without touching the end R of the tube H R. When the tube 
is in the position M R, perpendicular to the surface E P of the 
water, admit a ray of light down the tube, and it will be seen 
that it enters the water at R, and passes straight on to N^ 
without suffering any change in its direction. Hence it fol- 
lows, tKat a ray of light incident perpendicularly on a re- 
^ Jradting surface experiences no refraction or change in its 
direction. If we now place a sixpence at N, we shall see 
it through the tube M R; so that the rays from the sixpenc3 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quitting a refracting surface 
perpendicularly undergoes no refraction or change of direc- 
tion. If we now bring the tube into the position H R, and 
make a ray of light pass along it, the ray will be refracted at 
R in some direction R 6, the angle of refraction N R 6 being 
less than the angle of incidence M RIL If we now: with a 
pair of compasses, take the shortest distance 6 n of the point 
b from the perpendicular M N, and make a scale of equal 
parts, of which 6 n is one part, tlie scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall fiind it to be 1*336 of these parts, or IJ 
nearly. If this experiment is repeated at any other position, 
H' R, of the tube where R 6' is the refracted ray, we shall 
find that on a new scale, in which b' n' is one part, H' m' will 
also be 1*336 parts. But the lines H wi, H'' m' are called the 
sines of the angles of incidence H R M, H' R M, and b n, 
b' n' the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine -of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the surface 
E F of the water. This truth is called by optical writers the 
constant ratio of the sines. By placing a sixpence at 6, we 
shall find that it will be seen through the tube when it has 
the position H R ; and placing it at 6', it will be seen through 
it in the position H' R. Hence, when light quits the surfiice 
of water, the sine of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines 6 n, H m ; and since these 
are also the measures of 6' n' YH m' upon another scale, in 
which b' n* is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make the same experiment with other bodies, we 
shall obtain different degrees of refraction at the same angles:; 
C2 
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but in every case the sines of the angles of incidence and 
refraction will be found to have a constant ratio to each other. 
' The number 1*336, which expresses this ratio for water, is 
called the index of refraction for water, and sometimes its 
refractive power. 

(30.) As philosophers have determined the index of refrac- 
tion for a great variety of bodies, we are able, from those de- 
terminations, to ascertain the direction of any ray when re- 
fracted at any angle of incidence from the surface of a given 
body, either in entering or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H K^fig. 
18., after it is refracted at the surface E F of water : draw R M 
perpendie^ular to E F at the point R, where the ray H R enters 
the wati,' and from H draw H m perpendicular to M R. 
Take Hi in the compasses, and make a scale in which this 
distance Occupies 1-336 parts, or IJ nearly. Then, taking 1 
on the sqine scale, place one foot of the compasses in the 
quadrant N F, and move that foot towards or from N till the 
other foot/ falls upon some one point n in the perpendicular 
RN, and "in no other point of it. Let h be the point on wliich 
the first foot of the compasses is placed when the second falls 
upon n, then the line R h passing through this point will be 
the refracted ray corresponding to the incident ray H R. 

(31.) Table L (Appendix) contains the index of refraction 
for some of the substances most interesting in optics. 

(32.) As the bodies contained in these tables have all dif- 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrogen, 
for example, arises from its particles being at so great a distance 
from one another ; and, if we take its specific gravity into 
account, we shall find that, instead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light. 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which different media exert is of the same 
form in all, that the absolute refiuctive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table IL (Appendix) has been calculated. 

Mr. Herschel has justly remarked, that if, according to the 
doctrines of modem chemistry, material bodies consist of a 
finite number of atoms, differing in tlieir actual weight for 
every differently compounded substjjpce, the intrinsic refiuc- 
tive power of the atoms oS any given medium will be the 
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product arising fiom multiplving the number foe the medimn, 
in Table 11. by the weifht of its atom. 

(93.)* ^ examining Table IL, it appears that the sabcftances 
wMch contain fluoric acid have the least absolute lefractive 
power, while all inflammable bodies have the greatest The 
high atjpdute refractive power of oU of cassia, which is placed 
alwve all other fluids, and even above diamond, indicates the 
great inflammability of its ingredient&f , 



CHAP. IV.* 

REFRACTION THROUGH PRISMS AND LENSR8. 

(34). Bt means of the law of refraction explained in the 
preceding pages, w^ are enabled to trace a ray of light in its 
passage Sirough any medium or body of any figure, or through 
any number of bodies, provided we can always find the incli- 
nation of the incident ray to that small portion of the surfiice 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the construction of optical instruments, where the efiect is 
produced by refraction, are prisms, plane glasses, spheres, 
and lenses, a section of each of which is £own in the an- 
nexed figure. 

Fig. 19. 




1. The most common optical prism, shown at A, is a solid 
having two plane, surfaces A R, A S, which are called its re- 
Jracting surfaces. The fiice R S, equally inclined to ^ R 
and A § is called the base of the prism. 

2. A plafie glass, shown at B, is a plate of glass with two 
plane sur&ces, ab,cd, parallel to each other. 

3. A spherical lens, ^own at C, is a sphere, all the points 
in its sur&ce being equally distant from tiie centre O. 

4. A double convex lens, shown at D, is a solid formed by 
two convex ffl>herical sur&ces, having their centres on oppo- 
site sides of the lens. When the radii of its two suites are 
equal, it is said to be equally convex ; and when the radii are 
unequal, it is said to be an uneqiuiUy convex lens, 

* Vox the subjects treated'in this tfhd in the preceding diapter, see (in the 
College edition) the Appendix of Am. ed. ehap. iii. 
t See Note No. I. at the close of author's Appendix. 
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5. ApilanO'Convex lensj shown at E, is a lens having one 
of its surfaces convex and the other plane. 

6. A double concave lens, shown at F, is a solid bounded by 
two concave spherical sur&ces, and may be either equally or 
unequally ccmcave. 

7. A plano-concave lens, represented at G, is a lens one of 
whose surfaces ia concave and the other plane. 

8. A meniscus, shown at H, is a lens one of whose sur&ces 
is convex and the other concave, and in which the two sur&ces 
meet if contmued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavoHsonvex lens, shown at 1, is a lens one of whose 
sur&ces is concave and the other convex, and in which the 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
of their curved surfaces, and perpendicuEir to their plane sur- 
faces, is called the axis. The figures represent only the sec- 
tions of the lenses, as if they were cut by a plane passing 
through their axis ; but the reader will understand that the 
convex surface of a lens is like the outside of a watch-glass, 
and the concave surface like the inside of a watch-glasa 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall still use the sections 
shown in the above figure ; for since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of the rays passing through one section must be true 
of the rays passing through every section, and consequently 
through the whole surface. 

(35.) Refraction of light through prisms. As prisms are 
introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing li^ht and exam- 
ming the properties of its component parts, it is necessary 
that the reader should be able to trace the progress of light 
through their two refracting surfaces. Let A B C be a prism of 
plate glass whose index of refraction 
IS 1*5(]&, and let H R be a ray of light 
falling obliquely upon its first surface 
A B at the point K. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H M 6. Through R 
draw M R N perpendicular to A B, 
and H m perpendicular to M R. The 
anffle H R M will be the .angle of m- 
cidence of the ray H R, and H m its sine, which in the present 
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case is 1*500. Then having made a scale in which the dis- 
tance H m is 1*500, or 1^ parts, take 1 part or unity from the 
same scale, and having set one foot of the compasses on the 
circle somewhere ahout 6, move it to different points of the 
circle till the other foot strikes only one point n of the line 
R N; the point b thus found will be that through which the 
refracted ray passes, R b will be the refracted rav, and nRb 
the angle of refraction, because the sine 6 n of this angle has 
been made such that its ratio to H m, the sine of the angle of 
incidence, is as 1 to 1*500. The ray R b thus refracted will 
go on in a straight line till it meets the second surface of the 
prism at R', where it will again suffei: refraction in the direc- 
tion R' b'. In order to determine this direction, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H' 6.'. Draw^R'N perpendicular to AC, and H'm' 
perpendicular to R' N, and form a scale on which H' m' shall 
be 1 part, or 1*000, and divide it into tenths and hundredths. 
From this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; and having set one foot some- 
where in the line R' n', move it to different parts of it till the 
other foot falls upon some part of the circle about 6', taking 
care that the point b' is such, that when one foot of the com- 
passes is placed there, the other foot will touch the line R' n', 
continued, only in one place. Join R' b'. Then, since H' R' m' 
is the angle of incidence on the second surfece A C, and H'm' 
its sine, and since n' 6', the sine of the angle 6' R' n', has been 
made to have to H' m' the ratio of 1*500 to 1, b' R' n' will be 
the angle of refraction, and R' b' the refracted ray. 

If we suppose the original ray H R to proceed from a can- 
dle, and if we place our eye at b' behind the prism so as to 
receive the refracted ray b' R', it wiU appear as if it came 
in the direction D R &', and the candle will be seen in that di- 
rection; the angle H E D representing its angular change of 
direction, or the angle of deviation, as it is cdled. 

In the constructibn of ^^. 20., the ray H R has been made 
to fall upon the prism at such an angle that the refracted ray 
R R' is equally inclined to the faces A B, A C, or is parallel to 
the base B C of the prism ; and it will be found that the angle 
of incidence on the fece of the prism, H R B is equal to the 
angle of emergence 6'R'C. Under these circumstances we 
shall find, by making the angle H R B either greater or less 
than it is in the figure, that the angle of deviation H £ D is 
less than at any other angle of incidence. If we, therefore, 
place the eye behind the prism at b', and turn the prism 
round in the plane B A C, sometimes brineing A towards the 
eye and sometimes pushing it from it, we Smll easily discover 
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the position where the image of the candle seen in the direc- 
tion 6* D has the least deviation. When this position is found, 
the angles H R B and b' R' C are equal, and R R' is parallel 
to B C, and perpendicular to A F, a line bisecting the refract- 
ing angle B A C of the prism. Hence it may be shown by 
the similarity of triangles, or proved by projection, that ihe 
angle of refraction 6 R n at the first surface is equal to B A F, 
half the refracting angle of the prism. But since B A F is. 
known, the angle of refraction 6 R n is also known ; and the 
^gle of incidence HR M being found by the preceding methods, 
we may determine the index of refraction for any prism by the 
following analogy. As the sine of the angle of refraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ;. or the index of refraction is equal to the sine of 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) By this method, which is very simple in practice, we 

may readily measure the refractive powers of all bodies. If 

the body be solid, it must be shaped mto a prism ; and if it is 

soft or fluid, it must be placed in the angle B A C of a hollow 

Fig. 21. prism ABC, fig. 21., made by cement- 

^C infftogether three pieces of plate glass, 

^^f\ A B, A C, B C. A very simple hollow 

^ff^[ I 1^ prism for this purpose may be made by 
A^^lliiBi ^-M fastening together at any angle two 

'"* '"^ ■" B pieces of nlate glass, A B, A C, with a 
bit of wax, F. A drop of the nuid may then be placed in the 
angle at A, where it will be retained by the force of capillary 
attraction. 

When light is incident upon the second surfece of a prism, 
it may fall so obliquely that the surface is incapable of refract- 
ing it, and therefore the incident light is totaXly reflected from 
the second surface. As this is a curious property of light, we 
must explain it at some lengtL 

On the total Reflexion of Light. 

(37.) We have already stated, that when light falls upon 
the first or second sur&ces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this case said to he jmrtially re- 
flected. When the light, however, falls very obliquely upon 
the second surface of a transparent body, it is wholly reflected, 
and not a suigle ray sufiers refraction, or is transmitted by the 
surface. Let A B C be a- prism of glass, whose index of re- 
fraction is 1*500: let a ray of light G K,Jig. 22., be refracted 
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at E by the fbnst Bur&ce A B, so 
J, ^* as to rail on the point R of the 

1^^^^ second surface very obliquely, 

^^^^|c^ and in the direction K R. Upon 

g^^S|^^^^^^_^_Q R as a centre, and with any ra- 
^^^^^^^^^^^^ dius, R H, describe the circle H 
« E^T^^^^^^^^ MENF; then, in order to find 
\^ I J the refracted ray corresponding 

^•g"^ to H R, make a scale on whi(£ 

H m is equal to 1, and take in 
the compasses 1*500 or 1^ from that scale, and setting one 
foot in the quadrant EN, tr^r to find some point in it, so that 
the other foot may fidl only in one point of the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than E R, the sine of an angle E R N of 90*^. If 
the distance 1*500 in the compasses had been less than E R, 
the ray would have been refracted at R ; but as there is no 
ajigle of refraction whose sine is 1*500, the ray does not 
emerge from'the prism, but sufiers totd refleation at R in the 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct ^^. 22. so as 
to make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
different pqeitions between R N and R E. There will be 
some position of the incident rav about H R, where the re- 
fracted ray will just coincide with R E ; and tJiat will happen 
when the quantity 1*500, taken from the scale on which H m 
is equal to 1, is exactly equal to R E, or radiua At all posi- 
tions of the incident ray between this line and F R, refraction 
will be impossible, and the ray incident at R will be totally 
reflected. It will also be found that the sine of the-' angle of 
incidence at R, at which the light begins to be totally reflect- 
ed, is equal to y.™^ or *666, or *, which is the sine of 41^ 48', 
the angle of total reflexion for plate glasa 

The passage from partial to total reflexion may be finely 
seen, by exposing one side, A C, of a prism A B C,^^. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B, of the prism, and looks at the image of 
the sky, or the paper, as reflected from the base, B C, of the 
prism, it will see when the angle of incidence upon B C is 
less than 41° 48', the &int light produced by partial reflexion ; 
but by turning the prism round, so as to render the incidence 
— idually more oblique, it will see the feint light pass sud- 
ily into a bright light, and separated from the feint light by 
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ii colored fi^inge, which marks the houndary of the two reflex ^ 
ions at an angle of 41^ 48'. But, at all angles of incidence 
above this, the light will sofi^r total reflexion. 

Refraction of Light through Plane Glasses. 

(S8.) Let M N,/^. 23., he the section of a plane glass with 
fig 23. parallel faces ; and let a ray of light, 

A B, fall upon the first suirnce at B^ 
and be refected into the direction 
B C : it will again be refracted at its 
emergence from the second surfiice 
at C, in a direction, C D, parallel to 
A B; and to an eye at D it will ap> 
pear to have proceeded in a direction 
a C, which will be found by continue 
ing D C backwards. It will thus appear to come from a point 
a below A, the point from which it was really emitted. This 
may be proved by projecting the figure by the method already 
described ; though it will be obvious also from the considera- 
tion, that if we suppose the refracted ra^ to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, falling at equal 
angles upon the two surfaces of the plane glass, will simer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C D form with the two refracting surfaces 
will be equal, and the rays parallel 

If we suppose another rajr. A' B', parallel to A B, to fall 
upon the pomt B', it will sufier the same refraction at B' and 
C, and will emerge in the direction C D', parallel to C D, as 
if it came from a point a'. Hence parallel rays fading upon 
a plane glass ttnU retain their parallelism after passing 
through it, 
(99). If rays diverging from any point, A,/^.24., such as 
Fig.^ AB, AB', are incident upon a 

plane glass, M N, thejr will be 
refracted into the directions B C, 
^^^ B'C by the first surfiice, and 

r"'H",:<^^W^ ^ C D, C D' by the second. By 

^^^^^^^H , continuinffCB,C'B' backwards, 

they will be found to meet at a, 
a point farther from the ghm 
than A. Hence, if we suppose 
&e ma&ice BB' to be that of standing water, placed honzoor 
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tally, an eye within it would see the point A removed to a> 
the divergency of the rays B C, B' C having been diminished 
by refraction at the sumce B B'. But when the rays B C, 
B' C' suffer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C backwards, that ^ey 
will meet at b, and the. object at A will seem to be brought 
nearer to the glass ; the rays C D, C D', by which it is seen, 
having been rendered more divergent by the two refractions. 
A plane glass, therefore, diminiehes the distance of the diver- 
gent point of diverging rays. 

If we suppose D C, D' C to be ravs conver^ng to ft, they 
will be made to converge to A by the refraction of the two 
surfaces; and consequently a plane glass causes to recede 
from it the conve^ent point of converging rays. 

If the two sur£ces B B', C C are equal%^ curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re- 
lated tnat the rays B A, C D are incident at equal angles on 
each surface: but this is not the case when the sur&ces have 
the same centre, unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- 
&ces are used in windows and for watch-glasses, as they pro- 
duce very little change upon the form ana position of oojects 
seen through them. 



Refraction of Light through Curved Swfaces, 

(40). When we consider the inconceivable minuteness of 
the particles of light, and that a single ray consists of a suc- 
cession of those particles, it is obvious that the snuill part of 
any curved surface on which it falls, and which is concerned 
in refracting it, may be regarded as a plane. The surfiice of 
a lake, perfectly still, is known to be a curved surface of the 
same radius as that of the earth, or about 4000 miles ; but a 
square yard of it, in which it is impossible to discover any 
curvature, is larger in proportion to the radius of the earm 
than the small space on the surface of a lens occupied by a ray 
of light is in relation to the radius of that sunace. Now, 
mathematicians have demonstrated that a line touching a curve 
at any point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
A B,^. 25., rails upon a curved refracting surface at B^ it* 
D 
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fig. 25. angle of incideiice must be considered 

as A B D, the an^le which the my 
A B forms with a line D C, perpendic- 
ular to a line M N, which touches, or 
is a tangent to, the curved surface at 
B. In all spherical sur&ces, such as 
those of lenses, the tangent M N i» 
perpendicular to the radius C B of the 
sur&ce. Hence, in spherical surfaces 
the consideration of the tangent M N is unnecessary; because 
the radius C D, drawn through the p(»nt of incidence B, is 
the perpendicular from which the angle g[ incidence is to be 
reckcmed. 

Refraction of Light through Inheres, 

(41.) Let M N be the section of a sphere of glass whose 
centre is C, and whose index of refraction is 1'5W); and let 
parallel rays, Jig. 26., H R, H' R', fell upon it at equal di»- 

Fig. 36. 




tances on each side of the axis 6 C F. If the ray H R is in- 
cident at R, describe the circle HDb round R ; through C and 
R draw the line CRD, which will be perpendicular to the 
surface at R, and draw H m perpendicular to R D. Draw the 
ray Rhr through a point b found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
o R C may be 1 on the same scale on. which H m is 1*500, or 
lit ; then R b will be the lay as refracted by the first surface 
m the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. 

If we continue the rays R r, R' r*, they will meet the axis 
at E, which will be the focus of parallel rays &r a single cox>- 
vex surface RPR'; and the focal distance P £ may be found . 
by the following rule. 

RuiiB for finding the principal focus of a tingle convex 
mr/ace. Divide the index of refraction by its excess above 
umty, and the quotient will be the wincipal focal distance, 
P£; the radius of the surface, or C K, being 1. If C R is 
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Ifiveii in incheg, then we have to multiply the result by that 
number of inches. When the surface is that of glass, of which 
the index of refraction is 1*5, then the focal distance, P E, will 
always be equal to thrice the radius, C R. 

Round r as a centre, with a radius equal to R H, describe 
the circle D' ft' k, and, by the method formerly explained, find 
a point 6' in the circle, such that ft' n', the sine of the angle 
of refraction ft' r n\ is 1*500 or 1^ on the same scale on which 
h m*, the sine of the angle of incidence, is 1 part, and r ft' P 
will be the ray refracted at the second sur&ce. In the same 
manner we shall find r' F to be the refracted ray correspond- 
ing to the incident ray R'r', F being the point where r ft* cuts 
the axis G E. Hence the point F will be the focus of parol' 
lei rays for the sphere of glass M N. 

If diverging rays fall upon the points R, R% it is quite 
clear, from the inspection of the figure, that their foc«s will 
l>e on some point of the axis 6 F more remote from the cphere 
than F, the distance of their focus increasing as the cadiaot 
Doint from which they diverge approaches to the sphere. 
When the radiant point is as far before the sphere as F is be- 
• hind it, then the rays will be refracted into parallel directions, 
and the focus will be infinitely distant Thus, if we suppose 
the rays F r, F r* to diverge from F, then they will emerge 
after refraction in the parallel directions R H, K' H'. 

li converging rays fall upon the points R R', it is equally 
manifest that their focus will be at some point of the axis, 
-6 F, nearer the sphere than its principal focus F ; and their 
convergency may be so great that their focus will fell within 
-the sphere. All these truths may be rendered more obvious, 
and would be more deeply impressed upon the mind, by tmcing 
rays of different degrees of divergency ai^d convergency 
through the sphere, by the methods dready so fully explained. 

(42.) In order to form an idea of the effect of a sphere 
made of substances of different refractive powers, in bringing 
parallel rays to a focus, let us suppose the sphere to have a 
radios of one inch, and let the focus F be determined as ixifig, 
2d^ when the substances are, 

t latex or IMittaM, P Q. of tb« 

KefraefioB. VaevaADm the jBi^Mia. 

Tabaaheer - 1-11145 - 4 Inches. 
Water - 1-3358 - 1 — 
Glass - 1-500 - i — 

Zircon - 2-000 - — 

Hence we find that in tabasheer the distance F Q is 4 inches; 

IB water, 1 inch ; in glass, half an inch ; and in zircon, nothing ; 

that is, r and F coincide with Q, after a single refraction atR. 
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When the index of refraction is greater than 2*000, as in 
diamond and several other substances, the ray of light R r 
will cross the axis at a point somewhere between C and Q. 
Under certain circumstances the ray R r will suffer total re- 
flexion at r, towards another part of the sphere, where, it, will 
again suffer total reflexion, being carried round the circumr 
ference of the sphere, without the power of making its escape, 
till the ray is lc«t by absorption. Now, as this is true of every 
possible section of the sphere, every such ray, R r, incident . 
upon it in a circle equidistant &om the axis, G F, will suffer 
similar reflexions. 

Rule for finding the focus F of a sphere. The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
found. Divide the index of refraction by twice its excess 
above 1, and the quotient is the distance, C F, in radii of the 
i^ere. If the radius of the sphere is 1 inch, and its refrac- 
tive power 1*500, we shall have C F equal to 1^ inches, and 
Q F equal to half an inch. 

Ref factum of Light through Convex and Concave Surfaces, 

(43.) The method of tracing the progress of a ray which 
enters a convex surface, is shown in ^.26. for the ray H R, 
and of tracm^ one entering a concave surface of a rare me- 
dium, or quittm^ a convex sur&ce of a dense one, is shown 
for the ray R r, in the same figure. 

When the ray enters the concave surface of a dense me- 
dium, or quits a sunilar surface, and enters the convex sur&ce 
of » rare medium, the method of tracing its progress is shown 
in fig, ^^ where M N is a dense medium (suppose glass) 




\ 



with two concave sur&ces, or a thick concave len& Let C, C 
be the centres of the two sur&ces lying in the axis C C, and 
H R, H' R' parallel rajrs incident on the first surface. As C R 
is perp|endicular to the sur&ce at R, H R C will be the an^le 
of incidence; and if a circle is described with a radius 
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R A, A m will be the sine of that angle. From a scale on 
which A m is 1*500, take in the com passes 1, and find some 
point, b, in the circle where, when one foot of the compasses 
is placed, the other will fall only on one point, n^ of the per- 
peodicolar C R: the line R 6 drawn through this point will 
be the refracted ray. By continuing this ray b R backwards, 
it will be found that it meets the axis at F. In like manner 
it will be seen that the ray H' R' will be re&acted in the di- 
rection R' r', as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surface, and may be found by the following rule. 

RuLB for finding the principel focus of « single concave 
eiarface. Divide we index of refraction by its excess above 
unity, and the quotient 'will be the principal focal distance 
F E, the radius oif the surface, or C E, being 1. If the radius 
C £ is given in inches, we have only to multiply £ F, thus 
obtained by that number of inches, to have the value of F £ 
in inchesL 

If, by a similar method, we find the refracted ray r dtt the 
emergence of the ray r 6 from the second surfece r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; sO that the divergent rays R r, R'r' are rendered 
still more divergent by the second surface, and /will be the 
focus of the lens M W. 

Refraction of Light through Convex Lenses, 

(44). Parallel rays, Rays of light falling ipipon a convex 
lens parallel to its axis are refracted in j)recise]y the same 
manner as those which ML upon a sphere ; and l£e refracted 
ray may be found by the very same methods. But as a sphere 
has an axis in every possible direction, every incident ray 
must be parallel to an axis of it ; whereas, in a lens which 
has only one axis, many of the incident rays jaust be oblique 
to that axis. In, every case, whether of spheres or lenses, all 
the ra]^s that pass along the axis sufier no refraction, because 
the axis is always perpendicular to the re&acting surface. 

When parallel rays, R L, R C, R L, J?^. 28., fall upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass through without suf- 
fering any refraction, but the other rays, R L, R L, will be 
refracted at each of the sur&ces of the lens ; and the refract- 
ed rays corresponding to /them, viz. L F, L F, wiU be found, 
by the method already given, to meet at some point, F, in the 

JOB, 

When the rays are oblique to the axis, as S L, S L, T I^ 
D2 
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T L, the rays S C, T C, which pass through the centre, C, of 
the lens, wiJl suffer reduction at each surface ; but as the two 
redactions are equal, and in opposite directions, the finally re^ 
fracted rays C/, Cf will be parallel to S C, T C. Hence, in 
considering oblique rays, such as S L, T L, we may regard 
lines Sff T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L will 
be refincted to a conmion point,/, in the direction of the cen- 
tral ray S/, and T L, T L, to the point/. The focal distance 
P C, or fC, may be found numerically by the following rule, 
when the thickness of the lens is so 8n;iall that it may be 
fleriected. 

Rolk/ot finding ike principal focus, cr the focus ofvaral- 
lei rays, for a glass tens unequally convex. Multiply the 
i^us of the one sur&ce 1^ the radius of the other, and divide 
twice this product by the sum of the some radii 

When the lens is of fiflass and equally convex, the focal dis- 
tance will be equal to the radiu& ' 

Rule for the principal focus of a pUnuhconvex lens of 
glass. With either side of the lens turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius pf the convex surface. 

(45.) Diver^ng rays. When diverghig ravs, R L, R L, 
Jig, 29., radiating from the point R, fidl upon the double con- 
vex lens L L, whose principal focus is at O and O', their focus 
will be at some point F more remote than O. If R apmroacheff 
to L L, tiie focus F will recede from L L. When R comes 
to P, so that P C is equal to twice the principal focal distance 



xmAt* tV« JRXFRiCTlOK TttltOUeH LfiNSSS. 48 




1- 

C O, the focus F will be at P' as &r behind the lens as the 
radiant point P is before it When R comes to O', the focus 
P will be infinitely distant, or the rays L F, L F will be par- 
allel ; and when K is between O' and C» the refracted rays 
will diverge and have a virtual focus before the lens. The 
^us F of a glass lens, when the thickness is small, will be 
found by the followinff rule. 

RvLK for finding the focus of a convex lens for diverging 
rays. Multiply, twice the product of the radii of the two sur- 
faces of the lens by the distance, R C, of the radiant point, 
for a dividend. Multiply the sum of the two radii by the 
same distance R C, and from this product subtract twice the 

Eroduct of the radii, for a divisor. Divide the above dividend 
y the divisor, and the quotient will be the focal distance, C F, 
required. 

If the lens is equally convex^ the rule will be this. Multi- 
ply the distance of the radiant point, or R C, by the radius of 
the surfaces, and divide that product by the difference between 
the same distance and the radius, and the quotient will be the 
foqal length, C F, required. 

When the lens is planoconvex^ divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. 

(46.) For converging rays. When rays, R L, R L, con- 
verging to a ^intf fig, 30., fall upon a convex lens L L, they 
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vill be so re&acted as to\ converge to a point or focus F neafer 
the lens than its principal focus O. As the point of con- 
vergence/recedes from the lens, the point F wul also recede 
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fnnn it towards O, which it just reaches when the point/ be- 
comes infinitely distant When / approaches the lens, F 
also approaches it The fecus F of a glass lens may be 
found when the thickness is small, by the following rule : — 

RvhB for finding the focus of converging rays. Multiply 
twice the product of the radii of the two surfaces of the lens 
by the distance /C of the point of convergence, for a divi- 
dend. Multiply the^ sum of the two radii by the same dis- 
tance /C, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C F required. 

If the lens is equally convex, multiply the distance /C by 
the radius of the surface, and divide that product by the sum 
of the same distance and the radius, and ihe quotient will be 
the focal length F C required. 

When the lens is plamo-convex, divide twice the product 
of the ^distance /C multiplied by the radius by the sum of 
that distance and twice the radius^ and the quotient will be 
the focal distance F C required. 

Refracium of lAght through Concave Lenses, 
(47.) Parallel rays. Let L L be a double concave lens, and 

^.31. 
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R L, R L parallel rays incident upon it; these rays will di- 
ver^ after redaction in the directions L r, L r, as if they 
radii^ from a point F, which is the virtual focus of the len& 
The rule for finding F C is the same as for ja convex lens. * 
(48.) Diverging rays. YHien the Jens L L receives the 
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rayi RL, R L diverging from R, they will be refincted into 



CHAP. IV. REFHACTION THROUGH LENSES. 45 

lines, L r, L r, diverging from a focus F, more remote from 
the lens than the principal focus O, and the focal distance, 
P C, will be found by the following rule : — 

Rule for finding the focus of a concede lens of glass, for 
diverging rays. Multiply twice the product of the radii by 
the distance, R C, of the radiant point for a dividend. Mul- 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, for a divisor. Divide the divi- 
dend by the divisor, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point by the radius, and divide 
the product by the sum of the same distance and the radius, 
and the quotient will be the focal distance. 

When the lens is plano-concave, multiply twice the radius 
by the distance of the radiant point, and divide this product 
by the sum of the same distance and twice the radius ; the 
quotient will be the focal distance. 

(49). Converging rays. When rays, R L, R L, fig, 33., 
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converging to a point / fall upon a concave lens, L L, they 
will be refracted so as to have their virtual focus at F, and the 
distance F C will be found by the rule given for convex lenses. 
The rule for finding the focus of convergmg rays is exactly 
the same as that for diverging rays in a double convex lens. 

When the lens is plano-concave, the rule for finding the 
focus of converging rays is the same as for diverging rays on 
a plano-convex lens. 

Refraction of LigM through Meniscuses and Coneavo-^:o7tr 
vex Lenses of Glass, 

(50.) The general effect of a meniscus in refracting paral- 
lel, diverging, and converging rays, is the same as that of a 
convex lens of the same focal length ; and the general effect 
of a concavo^nvex lens is the same as that of a concave lens 
of the same focal length. 

Rule ybr a meniscus with parallel rays. Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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Vixnxfar a meniscus with diverging rays. Multiply twice 
the distance of the radiant point by the product of the two 
radii for a dividend. Multiply the difference between the two 
radii by the same distance of the radiant point, and from this 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and the quotient will be the 
focal distance required. 

The truth of the preceding rules and observations is ca- 
pable of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demon- 
stration of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays after refrac- 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direct experunent with the lenses themselves. 



CHAP. V. 



ON THE lOBMATIDN OF IMAOBB BT LKNgBS, AND ON THEIR 
MAGNIFTING POWER.* 

(51.) We have already described, m Chapter IL, the prin- 
ciple of the formation of images by small apertures, and by 
the convergency of rays to foci by reflexion from mirrors. 
Images are formed, by refraction, hy lenses m the very same 
manner as they are formed, by reflexion, in mirrors ; and it is i 
a universal rule, that when an image is formed bj a convex 
lens, it is inverted in position relatively to the position of the 
object, and its magnitude is to that of the object as its distance 
from the lens is to the distance <^ the object from the lens. 

If M N is an ofaject ]daced before a c(xivex lens, L L, JS^. 
34, every point of it will send forth rays in every direction. 
Those rays which MX upon the lens L L will be refracted to 
foci behind the lens, and at such distances from it as may be 
determined by the Rules in the last chapter. Since the focus 
where any point of the object is represented in its image is in 
the straight line drawn from that pomt of the object Sirough 
the middle point C of the lens, tiie upper end M of the object 
will be represented somewhere in the line M C m, and the 
lower end N somewhere in the line N C n, that is, at the 

fiee, in the College edition, Appendix of Am. ed. chap. iv. 
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points m^ nowhere the lays Lm, Lm, Ln, LncroBB the lines 
M C m, N C n. Hence m will represent the upper, and n the 
lower end of the object M N. It is also evident, that in the 

Pig.M. 




two triangles M C N, m C n, mn, the length of the image 
must be to M N the length of the object as C m, the distance 
of the^ image, is to C M, the distance of the object from the 
lens. 

We are enabled, iherefore, by a lens, to form an image of 
an object at any distance behind the lens we please, greater 
than its principal focus, and to make this image as large as 
we please, and in any proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these ejQTects we can vary still farther, by using 
lenses of different focal lengths or distances. 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its sur&ce. If a lens has an area of 12 square 
inches, it will obviously intercept twice as many rays proceed- 
ing from every point of the object as if its area were only 6 
square inches; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of the image by using a larger 
lens. ' 

(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or stucco, or some smooth and white 
8ur&ce on which a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of whose sides is covered with a dried 
film of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed at m n, 
we shall see the inverted image m n as distinctly as before. 
If we keep the eye in this position, and remove the semi- 
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transparent |froand, we shall see an image in the air distinctly 
and more bright than before. The cause of this will be readily 
understood, S we consider that all the rays which fonn l^ 
their convergence the points m, n of the image mn, cross one 
anotiier at m, n, and diverge from these points exactly in the 
same manner as they would do &om a real object of the same 
size and brightness placed in m n. The image m n therefore 
of any object may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly of the same size and in the 
same pl^ce as it would have been had m n been a real object 
But since the new image of m n must be inverted, this new 
ima^e will now be an erect jmage of the object M N, obtained 
by me aid of two lenses ; so tha^ by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movi3)le one, and within, our 
reach, it is unnecessary to use two lenses to obtain an erect 
image of it : we have only to turn it upside down, ^d we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in ma^gnifying 
objects and bringing them near us, or rather in giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appears when placed at different distances 
from the eye. If an eye placed at E looks at a man a b. Jig. 
,35., placed at a distance, his general outline only will be seen. 

Fig. 25, 




and neither his ace, nor his features, nor his dress will be re- 
cognized. When ne is brought ffradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distance of a 
few feet we perceive his features; and when brought stiD 
nearer, we can count his very eye-lashes, and observe the 
minutest lines upon his skin. At the distance E & the man 
is seen under the angle bE a, and at the distance E B he is 
seen under the greater angle B E A or 6 E A', and his appa-' 
rent magnitudes, a b, A! b, are measured in those different 
positions by the angles 6 E a, B E A, or 6 E A'. The appa- 
rent magnitude of the smallest object may, therefore, be equal 
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to the apparent magnitude of the greatest. The head of a 
pin, for example, may be brought so near the eye that it will 
appear to cover a whole mountain, or even the whole visible 
surface of the earth, and in this case the apparent magnitude 
of the pin*s head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let us now suppose the man a 6 to be placed at the dis* 
h tance of 100 feet from the eye at E, and that we place a con- 
vex glass of 25 feet focal 'distance, half-way between the ob- 
ject a b and the eye, that is 50 feet from each ; then, b& we 
have previously shown, an inverted image of the man will be 
formed 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man' had been 
brought nearer from the distance of 100 feet to the distance 
of 6 inches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is greatly increased, in 
the proportion nearly of 6 inches to 100 feet, or of 200 to 1. 

But if, instead of a lens of 25 feet focal length, we make 
use of a lens of a shorter focus, and place it in such a poeition 
between the eye and the man, that its conjugate foci may be 
at the distance of 20 and 80 feet from the tens, that is, that 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the siz?e of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
image will see it with the greatest distinctness. Now in 
this case the image is magnified 4 times directly by Uie lens, 
and 200 times by being brought 200 times nearer the eye ; 
Bo that its apparent magnitude will be 800 times as large as 
before. 

Jf, on the other hand, we use a lens of a- still smaller fix»l 
length, and place it in such a position between the 63^6 and 
the man, that its conjugate foci may be at the distance of 75 
and 25 feet from the lens, that is, that the man is 75 feet be- 
fore the lens, and his image 25 feet behind it, then the size of 
the image will be only one third of the size of the object; 
but though the' image is thus diminished three times in size» 
yet its apparent magnitude is increased 200 times by being 
brought within 6 inches of the eye, so that it is still magni- 
fied, or its apparent magnitude is increased ^§^, ox 67 times^ 
nearly. 

At distances less than the preceding, where the fi>eal 
length of the lens &rms a considerable part of Uie whole dis» 
E 
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tance, the rule for finding the magnifying power of a lens, 
when the eye views, at the distance of 6 inches, the image 
formed by the lens, is as follows. From* the distance between 
the image and the object in feet, subtract the focal distance 
of the lens in feet, and divide the remainder by the same focal 
distance. By this quotient divide twice the distance of the 
object in feet, and the new quotient will be the magnifying 
power, or the number of times that the apparent 'magnitude 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as it is in most 
cases, the rule becomes this. Divide^ the focal length of the 
lens by the distance at which the eye looks at the image ; or, 
as the eye will generally look at it at the distance of 6 inches, 
in order to see it most distinctly, divide the focal length by 6 
inches; or, what is the same thing, double the focal length in 
feet, and the result will be the magni^inff power. 

(54.) Here, then, we have the principle of the simplest 
telescope ; which consists of a lens, whose focal length ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
lens. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to the focal length of the lens. If the lens has a 
focal length of 10 or 12 feet, the magnifying power will be 
from 20 to ^ times, and the satellites of Jupiter will be dis- 
tinctly seen through this single lens telescope. To a very 
shortsighted person, who sees objects distinctly at a distance 
of three inches, the magnifying power would be fnmi 40 to 48. 

A single concave mirror is, upon the same principle, a re- 
Jlecting telescope, for it is of no consequence whether the 
miage of the object is formed by refraction or reflexion. In 
this case, however, the image m n. Jig. 14., cannot be looked 
at without standing in the way of the object; but if the re- 
flection is made a little obliquely, or if the mirror is sufficiently 
- large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great mirror, 4 feet 
in diameter and 40 feet in focal length, in the way now men > 
tioned, Dr. Herschel discovered one of the satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are within 
our reach, which is of great importance in optics. It will be 
proved, when we come to treat of vision, that a good eye sees 
the visible outline of an object very distinctly when it is 
placed at a great distance, and that, by a particular power in 
the eye» we can accommodate it to perceive objects at differ- 
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ent distances. Hence, in order to obtain distinct vision of 
any object, we have only to cause the rays which proceed 
from it to enter the eye in parallel lines, as if the object 
itself was very distant. Now, if we bring an object, or the 
image of an object, very near to the eye, so as to give it great 
apparent magnitude, it becomes indistinct ; but ii we can, by 
any contrivance, make the rays which proceed from it enter 
the eye nearly parallel, we shall necessarily see it distinctly. 
But we have already shown that when rays diverge from the 
focus of any lens, they will emerge from it paraUel. If we, 
therefore, place an object, or an image of one, in the fecus of 
a lens held close to the eye, and having a small focal distance, 
the rays will enter the eye parallel, and we shall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present short distance from the eye to tlie distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens, so 
that the magnifying power produced by the lens will be equal 
to six inches divided by the focal length of the lens. A lens 
thus used to look at or magnify any object is a single micro- 
scoj>e ; and when such a lens is used to magnify the magnifi- 
ed image produced by another lens, the two lenses, together 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the jingle lens telescope from a distant object, the two 
lenses together constitute what is called the astronomical re- 
Jracting telescope; and when it is used to magnify the 
image produced by a concavelhirror from a distant object, the 
two constitute a reflecting telescope, such as that used by Le 
Maire and Herschel : and when it is used to magnify an en- 
larged image, M N, Jig, 14., produced from an object m n, 
placed before a concave mirror, the two constitute a reflect" 
ing microscope. All these instruments will be more fully 
described in a fhture chapter. 



CHAP. VL 

SPHERICAL ABERRATION OF LENSES AND MIRRORS."^ 

(55.) In the preceding chapters we have supposed that the 
rays reflected at spherical surfaces meet exactly in a, focus; 
but this is by no means strictly true : and if the reader has in 
any one case projected the rays by the methods described, he 

* For a discussion of these subjects, see (in the college edition) the Ap* 
peadix of Am. ed. chap. v. 



52 A TBBATIfiB ON OPTICS. PAKT I. 

must have seen that the rays nearest the axis of a spherical 
surface, or of a lens, are refracted to a focus more remote 
from the lens than those which are incident at a distance from 
tlie axis of the lens. The rules which we have given for the 
fix;i of lenses and surfaces are true for rays very near the axis. 
In order to understand the cause of spherical aherration, let 
L L be a plano-convex lens one of whose surfaces is spherical, 
and let its plane surface L m L be turned towards parallel 
rays R L, R L. Let R' L', R' L' be rays very near the axis 
A F of the lens, and let P be their focus after refraction. Let 
R L, R L be parallel rays incident at the very margin of the 
lens, and it will be found by the method of projection that the 

Fiir.36. 




corresponding refracted rays hf, L/ will meet at a point/ 
much nearer the lens than F. In like manner intermediate 
rays between R L and R' JJ will have their foci uitermediate 
between /and F. Continue the rays hf, hf, till they meet 
at G and H a plane passing through F« and perpendicular to F A. 
The distance /F is called the hmgitudinal spherical aberra- 
tion, and G H the lateral spherical aberration of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration /F is no less than 4^ times m n tlie 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun, the central part of the lens L' m U whose focus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays will, 
after arriving at those pomts, pass on /to the plane G H, and 
^ occupy a circle whose diameter is G H ; hence 
^T ' the ima^e of the sun in the focus F will be a 
aiS|, bright disc surrounded and rendered indistinct 
^[^ "^ "^fclb ^y. ^ ^^oad halo of light growing fainter and 
hT F ^R fiiinter from F to G and H. In like manner, 
yj^^^ff every object seen through such a lens, and 
^9Kr every image, formed by it, 'will be rendered 
H confused and indistinct by spherical aberration. 

^Theae results may be illustrated experimentally by taking 
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a ring of black paper, and covering up the outer parts of the 
fiiee L L of the lens. This will diminish the halo G H, and 
the indistinctness of the image, and if we cover up all the 
lens excepting a small part in the centre, the image will be- 
come perfectly distinct, though less bright than before, and the 
focus will be at F. If, on the contrary, we cover up all the 
central part, and leave only a narrow ring at the circumfe- 
rence of the lens, we shall have a very distinct image of the 
sun formed about/. 

(56.) If the reader will draw a very large diagram of a 
plano-convex and of a double convex lens, and determine the 
reiracted ravs at different distances from the axis where par- 
allel rays fiill on each of the surfaces of the lens, he will be 
able to verify the following results for glass lenses. 

1. In a plano-convex lens, with its plane side turned to par- 
allel rays as in^^. 36., that is, turned to distant objects if it is 
to form an image behind it, or turned to the eye if it is to be 
used in magni^ing a near object, the spherical aberration will 
be 4^ times the thickness, or 4^ times m n. 

2. In a plano-convex lens, with its convex side turned to- 
wards parallel rays, the aberration is only l^V^ths of its thick- 
ness. In using a plano-convex lens, therefore, it should always 
be so placed that parallel rays either enter the convex surface 
or emerge from it 

3. In a double convex lens with equal convexities, the aber- 
ration is 1 j4iths of its thickness. 

4. In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays; 
and the same as the plano-convex lens in Rule 2, if the side 
whose radius is 2 is turned to parallel rays. 

5. The lens which has the least spherical aberration is a 
double convex one, whose radii are as 1 to 6. When the fiice 
whose radius is 1 is turned towards parallel rays, the aberra- 
tion is only Ij^it^ of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays, the aberration is 
Sj^^ths of its thickness. 

These results are equally true of plano-concave and double 

concave lenses. 

If we suppose the lens of least spherical aberration to have 

its aberration equal to I, the aberrations of the other lenses 

will be as follows : — 

Best form", as m Rale 5 1*000 

Double convex or concave, with equal curvatures , 1*561 
Plano-oonvez or concave in best position, as in Rule 2. 1-093 
Plano-convex or concave in worst position, as in Rule 1. 4*206 
E2 
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(57.) As the central parts of the lens L L,Jig. 36., refract 
the lays too little, and the margfinal parts too much, it is evi- 
dent that if we could increase 5ke convexity at n and diminish 
it ^pradually towards L, we should remove the spherical aber- 
ration. But the ellipse and the hyperbola are curves of this 
kind, in which the curvature diminishes from n to L ; and 
mathematicians have shown how spherical aberration may be 
entirely removed, by lenses whose sections are ellipses or hy- 
perb(^ Tills curious discovery we owe to Descartes. 




If A L D L, for example, is an ellipse whose greater axis 
A D is to the distance between its foci F,/ as the index of re* 
fraction is to unity, then parallel rays R L, R L incident upon 
the elliptical surfece L A L will be refracted by the single 
action of that surface into lines, which would meet exactly in 
the focus F, if there were no second surface intervening be-' 
tween L A L and F. But as every useful lens must have two 
surfaces, we have only to describe a circle L a L round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the surfiice L A L converge accurately to F, and 
Bs the circular surface L a L is perpendicular to every one of 
the refracted rays, all these rays will go on to F without suf- 
fering any rofraction at the circular surface. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave sur&ce is part of any spherical surface 
whose centre is in the &rther focus, will have no spherical 
aberration, and will refract parallel rays incident on its convex 
surface to the farther focus. 

In like manner a oxicavo-convex lens, L L, whose concave 

Fig. 39. 
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Boxftce L A L is part of the ellipsoid A L D L, and whoso 
convex snrface { a Z is a circle descrihed round the ftither 
ibcus of the ellipse, will cause parallel rays R L, R L to di- 
verge in directions L r, L r, which when continued backwards 
will meet exactly in the focus F, which will be its virtual 
ibcva. 

If a plano-convex lens has its convex surface, L A L, part 

Fig. 41^. 




oT a hyperboloid formed by the revolution of a hyperbola whose 
greater axis is to the distance between the foci as unitv is to 
the index of refraction; thei) parallel rays, R L, R Ii, railing 
perpendicularly on the plane surface will be refracted without 
aberration to the farther focus of the hyperboloid. The same 
property belongs to a plano-concave lens, having a similar 
hyperb^ic surfiice, and receiving parallel rays on its plane 
sur&ce. 

A meniscus with spherical surfaces has the property of re- 
ffacting all converging rays to its focus, if its first surface is 

J^.41. 




convex, provided the distance of the pomt of convergence or 
divergence from the centre of the first sur&ce is to the radius 
of tte first sur&ce as the index of refraction is to unity. 
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Thus, if M L LN is a meniscus, and R L, R L rays converg- 
ing to the point E» whose distance £ C from the centre of the 
mit Bur^e L A L of the meniscus is to the radius C A or 
C Las the index of refraction is to unity, that is as 1*500 to 1, 
in glass ; then if F is the focus of the first surface, describe 
with any radius less than F A a circle M a N for the second 
sur&ce of the lens. Now it will be found by projection that 
the rays R L, R L, whether near the axis A £ or remote from 
it, will.be refracted accurately to the focus F, and as all these 
rays fall perpendicularly on the second surface, they will 
still pass on without jefraction to the focus F. In like manner 
it is obvious that rays F L, F L diverging from F will be re- 
fracted into R Ii, R L, which diverge accurately from the vir- 
tual focus. 

When these properties of the ellipse and hyperbola, and of 
the solids generated by their revolution, were first discovered, 
philosophers exerted sdl their ingenuity in grinding and polish- 
ing lenses with elliptical and hyperbolical surfaces, and various 
ingenious mechanical contrivances were proposed for this pur- 
pose. These, however, have not succeeded, and the practical 
difficulties which yet require to be overcome are so great, that 
lenses with spherical surfaces Bxe the only ones now in use 
for optical instruments. / 

But though we cannot remove or diminish the spherical 
aberration of single lenses beyond lyj^ths of their thickness, 
yet by combining two or more lenses, and making opposite 
aberrations correct each other, we can remedy this defect to a 
very considerable extent in some cases, and in other cases reh 
move it altogether. . ' 

(58.) Mr. Herschel has shown, that if two plano-convex 
lenses A B, C D, whose focal lengths are as 2*3 to 1, are placed 
with their convex sides together, A B the least convex being 
next the eye when the combination is to be used as a micro- 
scope, the aberration will be only 0-248, or one fourth of that 
of a single lens in jjs best form. 
When this lens is used to form an 
image, A B must be turned to the 
object If the focal lengths of the 
two lenses are equal, the spherical 
aberration will be 0*603, or a little 
more than one-half of a smgle lens 
in its best form. 

Mr. Herschel has also shown that 
the spherical aberration may be 
whoUy removed by combining a 
meiMscus C D with a douWe convex lens A B, as in^^*. 43. 
and 44., the lens A B being turned to the eye when it is used 
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fbr a microscope, and to the object when it is to be used ftr 
forming images, or as a burning-glass. 

^^.43. Fig, a. 





The following are the radii of curvature for these lenses, 
as computed by Mr. Herschel ; the first supposes, as a condi- 
tion, that the focal length of the compound lens shall be as 
near 10*000 as is consistent with correcting the aberration ; 
and the second, that the same focal length shall be the least 
possible :— 

Fig. 43. Fig. 44. 

Focal length of the double convex ) , io.()qq i io<000 

Radius, of its first or outer surface + 6*833 + 5*833 
Radius of its second surface . . — 35*000 — 35-000 
Focal length of the meniscus C D + 17*829 + 5*497 
Radius of its first surface . . . + 3*688 + 2*054 
Radius pf its second surface . . + 6*291 + 8*128 
Focal length of the compound lens + 6*407 -f 3*474 

Spherical Aberration of Mirrors. 

(59.) We have already stated, that when parallel rays, A M, 
A N, are incident on a spherical mirror, ll^TN, they are re- 
fracted to the same focus, F, only when tiiey are incident very 
near the axis, AD. If F is the focus of those very near the 

Fig. 45. 




ajds, such as A m, then the -Ibcus of those more remote, such 
as A M, will be at / between F and D, and/F will be the 
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longitadinal spherical aberration, which will obviously increase 
with the diameter of the mirror when its curvature remains 
the same, and with the curvature when its diameter is con- 
stant The images, therefore, formed by mirrors will be in- 
distinct, like those formed by spherical lenses, and the indis- 
, tinctness will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, A D, and another line, 
/M drawn from M to a fixed point, f^ should Always form 
equal angles with a line, C M, perpendicular to the curve 
M N, we should in this case have a surface which would re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the 'parabola ; and, 
therefore, if we could construct mirrors of such a form that 
their section M N is a parabola, they would have the invaluar 
ble property of reflecting parallel rays to a single focus. 
When the curvature of the mirror is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicable to give it this figure. 

In file same manner it may be shown, that when diverging 
rays fall upon a concave mirror of a spherical form, they will 
be reflected to difierent points of the axis ; and that if a sur- 
face could be formed so that the incident and reflected rays 
should form equal angles with a line perpendicular to the sur- 
fece at the point of incidence, the reflected rays would aU 
meet in a single point as their focus. A surface whose sec- 
tion is an ellipse has this property ; apd it may be proved 
that rays diverging from one focus of an ellipse will be re- 
flected accurately to the other focus. Hence in reflecting 
microscopes the mirror should be a portion of an ellipsoid ; 
the axis of the mirror bemg the axis of the ellipsoid, and the 
object b^Mig placed in the focus nearest the mirror. 

On Caustic Curves formed by Reflexion and Refraction,* 

(60.) Caustics formed by reflexion. — As the rays incident 
on different points of a reflecting surface at diflferent distances 
from its axis are reflected to difierent foci in that axis, it is 
evident that the rays thus reflected must. cross one another at 
particular points, and wherever the rays cross they will illu- 
minate the white ground on which they are received with 
twice as much light b& falls on other parts of the ground. 
These luminous intersections form curve lines, called caustic 
lines or caustic curves ; and their nature^ and form will, of 

* See (in tbe College edition) tbc^Appendiz of Am. ed. chap. v. 
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ccairse, vary with the aperture of the mirrw, and the distance 
of the radiant point. ' 

In order to explain their mode of formation and general 
properties, let M B N be a concave spherical mirror, fig, 46., 
whose centre is C, and whose focus for parallel and central 




rays is F. Let R M B be a diverging beam of light felling 
on the upper part, M B, of the mirror at the points 1, 2, 3, 4, 
&c. If we draw lines perpendicular to all these points from 
the centre C, and make the angles of reflexion equal to the 
angles of incidence, we shall obtain the directions and foci of 
all the reflected rays. The ray R 1, near the axis R B, will 
have its conjugate focus at /, between F and the centre C. 
The next ray, & 2, will cut the axis nearer F, and so on with 
all the rest, the foci advancing from /to B- By drawing all 
the reflected rays to these foci, they will be found to intersect 
one another as m the figure, and to form by their intersections 
the caustic curve Mf. If the light had also been incident 
on the lower part of the mirror, a similar caustic shown by a 
dotted line would also have been formed between N and f. 
If we suppose, therefore, the point of incidence to move from 
M to B, the conjugate focus of any two contiguous rays, or 
an infinitely slender pencil diverging from R, will move along 
the caustic from M to / 

Let us now suppose the convex surface M B N of the mir- 
ror to be polished, and the radiant point R to be placed as far 
to the right hand of B as it is now to the lefl:, it will be found, 
by drawing the incident and reflected rays, that they will di- 
verge after reflexion ; and that when continued backwards 
they will intersect one another, and form an ima^nary caustic 
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ntuated behind the convex sur&ce, and similar to the real 
caustic. 

If we suppose the convex mirror M fi N to be completed 
round the same centre, C, as at M A N, and the pencil c^ 
rays still to radiate from R, they will form the ima^nary 
caustic M r N smaller than M/N, and uniting with it at 
the points M, N. 

I^t the radiant point R be now supposed to recede from 
the mirror M B N, the line B/, which is called the tangent 
of the real caustic M/N, will obviously diminish, because 
the conjugate focus / will approach to F ; and, for the same 
reason, the tangent A/' of the imaginary caustic will in- 
crease. When R becomes infinitely distant,- and the incident 
rays parallel, the points f,f, called the cusps of the caustic, 
will both coincide with F and F', the principal foci, and will 
have the very same size and form. 

But if the radiant point R approaches to the mirror, the 
cusp / of the real caustic will approach to the centre C, and 
the tangent B f will increase, the cusp f of the imaginary 
caustic will approach A, and its tangent A/', will diminish i 
and when the radiant point arrives at the circumference at A, 
the cusp f will also arrive at A, and the imaginary caustic 
will disappear. At the same, time, the cusp / of the real 
caustic will be a little to the right of C, and its two opposite 
summits will meet in the radiant point at A. 

If we suppose the radiant point R now to enter within the 
circle A M B N, as shown in fig, 47., so that RC is less than 

Fig. 47. 




R A, a remarkable double caustic will be formed. This 
caastic will consiBt of two short ones of Uie common kind. 
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0r, 6r, having their conuDon cun> at r, and cf two loiy 
branches, af,bf, which meet in a rocuB at /. When R C is 
greater than R A, the curved branches that meet at / behind 
the mirror, will diverge, and iiave a virtual focus within th^ 
mirror. When R coincides with F, a point half-way between 
A and C, and the virtual principal focus of the convex mirror 
MAN, these curved branches become parallel lines; and 
when R coincides with the centre C, the caustics disappear, 
and all the light is condensed into a single mathematical point 
at C, from which it again diverges, and is again reflected to 
the same point 

In virtue of the principle on which these phenomena de- 
pend, a spherical mirror 1ms, under certain circumstances, the 
paradoxical property of rendering rays diverging from a fixed 
point either parallel, diverging, or converging ; that is, if the 
radiant point is a little way within the principal fo(ius of a 
mirror, so that rays very near the axis are reflected into par- 
aflel hnes, the rays which are incident still nearer the axis 
will be rendered diverging, and those incident farther from 
the axis will be rendered converging. This property may be 
distinctly exhibited by the projection of the reflected ray& 

Caustic curves are frequently seen in a very distinct and 
beautiful manner at the bottom of cylindrical vessels of china 
or earthenware that happen to be exposed to the light of the 
. sun or of a candle. In these cases the rays generally fall too 
obliquely on their cylindrical surface, owing to their depth ; 
but this depth may be removed, and the caustic curves beau- 
lafuUy displayed, by inserting a circular piece of card or 
white paper about a^ inch or so beneath their upper edge, or , 
by filUnff them to that height with milk or any white and 
opaque^fluid. 

The following method, however, of ex- 
hibiting caustic curves I have found ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly polished, such 
as a watch-spring, M N, fig. 48., and hav- 
ing bent it into a concave form as in the 
figure, place it vertically on its edge upon 
a piece of card or white paper A B. Lat 
it then be exposed either to the rays of 
the sun, or those of any other luminous 
body, taking care that the plane of the 
earn or the paper passes nearly through 
tl^e sun ; and the two caustic curves shown 
in the figure will be finely displayed. By 
varying the sj^ of t)ae Gprp)g,«j]d bendiflg 
P 
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it into cuiVes of different shapes, all the variety of caustics^ 
with their cusms and points of contrary flexure, will be finely 
exhibited. Thcr steel may be bent accurately into different 
curves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and either cut or burned 
sufficiently deep in the wood to allow the edge of the thin 
strip of metal to be inserted in it Gold or silver foil answers 
very well ; and when the light is strong, a thin strip of mica 
will also answer the purpose. The best substance of all, 
however, is a thin strip of polished silver. 

(61.) Caustics formed by refraction. If we expose a 
globe of glass filled with water, or a solid spherical lens, or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
b f. Jig. 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point f which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of rays, which, being incident on the sphere 
at different distances from the axis, are refracted to foci at dif^ 
ferent points of the axis, and therefore cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, by projecting the refracted rays, lliat it is unneces- 
sary to say any more on the subject 

Some of the phenomena of caustics produced by refraction 

may be illustrated experimentally in the following manner : — 

Take a shallow cylindrical vessel of lead, M N, two or three 

inches in diameter, and cut its upper margin, as shown in the 

figure, leaving two opposite projections, ac,bd, forming each 

about 10° or 15° of tiie whole circumference. Complete the 

circumference by cementing on the vessel two strips of mica, 

P^ ^g so as to substitute for the lend that has 

been removed two transparent cylin- 

^^ -"xfim^ ^ drical surfaces. If this vessel is filled 

yJMBW^^^/ with water, or any other tnmsparent 

TiJ| W ^K^""/ ^"^^ ^°^ ^ piece of card or white 

^■^HH'^ C paper, A B C D, is held almost paral- 

^^^^■1 lei to the surfkce o£ the water, and 

^^^^^^ having its plane neariy passing* 

through the sun or the candle, the caustics A F, D F will be 

finely displayed. By altering the curvature of the vesseU 

and that of the ftrips of mica, many interestiiig miations at 

the experiment may be made. 
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(62.) Phtsigal Optics is that branch of the science which 
treats of the physical properties of light These properties 
are exhibited in the decomposition and recomposition of white 
%ht; in its decomposition by absorption; in the inflexion or 
diffraction of light ; in the colors of thick and thin plates; and 
in the double refraction and polarization of light 



CHAP. VII. 

ON THE COLORS OF LIOBT, AND ITS DBCOMFOflimON. 

(63.) In the preceding chapters we have regarded liglit as 
a simple substance, all £e parts of which had the same index 
of refraction, and therefore suffered the same changes when 
acted upon by transparent media. This, however, is not its 
constitution. White light, as emitted from the sun or irom 
any luminous' body, is composed of seven different kinds of 
light, viz., red, orange, yellow, green, blue, indigo, and violet; 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementary parts, by two different pro- 
cesses, viz., by refraction and absorption. 

The first of these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition oi white 
light Having admitted a beam of the sun*s light, S H, 
through a small hole, H, in the windowHshutter, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now interpose a prism, BAG, 
whose refracting angle is B A C, so that this beam of light 
may fall on its first surface CA, and emerge at the same 
angle from its second surface B A in the direction g G, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white screen, M N, we should expect, from the principles 
already laid down, that the white beam which previously fell 
upon F would suffer only a change in its direction, and fall 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But this is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 
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oblong image K L of the sun, containing seven colors, viz. 
red, orange, yeUow, green, blue, indigo, and violet, the whole 



Fisr. 50. 




beam of light diverging from its emergence out of the prism 
at g, and ^ing bound^ by the lines gK, g L. This length- 
ened image of the sun is called the solar spectrum, or the 
prismatic spectrum. If the aperture H is small, and the dis 
tance g G considerable, the colors of the spectrum will be very 
bright The lowest portion of it at L is a brilliant red. This 
red shades off by imperceptible gradations into orange, the 
orange into yellow, the yellow into green, the green into blue, 
the blue into a pure indigo, and the indigo into a violet No 
lines are seen across the spectrum thus produced ; and it is 
extremely difficult for the sharpest eye to point out the bound- 
ary of the different colors. Sir Isaac Newton, however, by 
many trials, found the lengths of the colors to be as follows, 
in the kind of glass of which his prism was made. We have 
added the results obtained by Fraunhofer with flint glass. 

Hewtmi. FnranbofeT 

Red 45 56 

Orange 27 27 

Yellow 48 27 

Green 60 46 

Blue 60 48 

Indigo 40 47 

I Violet 80 109 

Total length 360 360 
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These colors are not equally brilliant At the lower end, L, 
of the spectrum the red is comparatively &int, but grows 
Ivighter as it approaches the orange. The light increases 
en^daaHy to the middle of the yellow space, where it is 
brightest; and from this it gradually declines to the upper or 
▼iolet end, K, of the spectrum, where it is extremely faint. , 

(64.) From the phenomena which we have now described, 
Sir Isatac Newton concluded that the beam of white light, S, 
is compounded of light of seven different colors, and that for 
each of these different kinds of light, the glass, of which his 
prism was made, had different indices of redaction ; the index 
«f refraction tor the red light being the least, and that of the 
violet the greatest 

If the prism is made of crown glass^ lor example, the in- 
dices of re&action for the different colored rays will be as fol* 
lows : — 



Bine 1-5360 

Indigo 1.5417 

Violet 1-5466 



Red 1-5258 

Orange 1-5268 

YeJlow 1-5296 

Green 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the refracted rays, supposed to be in- 
cident upon the same pomt of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find them to diverg^e as in the preceding figure, and to 
form the different colors in the order of those m the spectrum. 

In order to examine each color separately. Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fell upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as befere, and was not refracted into any other colors. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light homo-' 
geneoits, or simplef white light being regarded as heteroge- 
neous or compound. This important doctrine is called the 
different r^rangibUity of the ray 8^ of light The different 
colors as existing in the sj^ectrum are caUed primary colors ; 
and any mixtures or combmations of any of them are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white liffht. Sir Isaac also proved, experimentally, that all the 
4Mven odors, when again combined and made to fall upon the 
F2 
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same spot, formed or recomposed white light This important 
truth he established by various experiments ; but the following 
method of proving it is f3o satisfactory, that no farther evidence 
seems to be wanted. Let the screen M Nfjig. 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
B A C, the spectrum K L will gradually dimmish ; but though 
the colors begin to mix, and encroach upon one another, yet, 
even when it is Wught close to the face B A of the prism, we 
shall recognize the separation of the light into its component 
colors. If we now take^a prism, B o A, shown by dotted lines, 
made of the same kind of glass as B A C, and having its re- 
fracting angle A B a exactly equal to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seven differently colored 
rays which fall upon the second prism, A B «, are again com- 
bined into a single beam of white light g P, forming a white 
circular spot at P, as if neither of the prisms had been inter- 
posed. The yery same dffect will be produced, even if the 
surfaces, A B, of the two prisms are joined by a transparent 
cement of the same refractive power as the glass, so as to re- 
move entirely the refractions at the common surface A B. In 
this state the two prisms combined are nothing more than, a 
thick piece of fflass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction of the first surface, A C, is counteracted by the oppo- 
site and equal refraction of the second surface, a B ; that is, 
the light decomposed by the first surfece is recomposed by the 
second surface. The refraction and re-union of the rays in 
this experiment may be well exhibited by placing a. thick plate 
of oil of cassia between two parallel plates of glass, and 
making a narrow beam of the sun's light fall upon it very ob- 
liquely. The spectrum formed by the action of the first sur- 
face will be distinctly visible, and the re-union of the colors 
by the, second will be equally distinct We may, therefore, 
consider the action of a plate of parallel glass on the sun's 
rays, that is, its property of transmitting them colorless, as a 
sufficient proof of tJie recomposition of light 

The same doctrine may be illustrated experimentally by 
mixing together seven different powders having the same 
colors as ^ose of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored space. 
The union of^ these colors will be a sort of grayish-white, be- 
cause it is impossible to obtain powders of tne proper colora 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size as the cdored 
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Spaces; and when this circle is made to revolve rapidly, the 
eiO^t of all the colors when combined will be a g^yisb-white. 

Decomposition of Light by Absorption, 

(66.) If we measure the quantity of light which is reflected 
from the surfaces and transmitted through the substance of 
transparent bodies, we shall find that the sum of these quan-' 
tities is always less than the quantity of light which falls 
upon the body. Hence we may conclude that a certain por- 
tion of light is lost in passing through the most transparent 
jxxiies. This loss arises from two causes* A part of the light 
is scattered in all directions by irregular reflexion &om the 
imperfectly polished surface of particular media, or from the 
imperfect union of its parts ; while another, and generally a 
greater portion, is absorbed, or stopped by the particles of the 
body. Colored fluids, such as black and red ink, though 
equally homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in diflerent 
degrees; while pure water seems to transmit all the rays 
equally,* and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which tlnrow much light upon 
this curious subject. 

If we take a piece of blue ^lass, like that generally used 
for finger glasses, and transmit through it a beam of white 
light, the light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the spec- 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the glass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light 
In order to determine what these colors are, let us transmit 
through the blue glass the prismatic spectrum E I^ fig. 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism BAG, and look through it at the sun, or 
rather at a circular aperture made in the window-ahutter of 
a dark room. He will then see through the prism the spec- 
trum K L as far below the aperture as it was above the spot P 
when shown in the screen. Let the blue glass be now inter- 
posed between the eye and the prion, and a remarkable spec- 
trum will be seen, deficient in a certain number of its dilfer- 

* See Note II., of Am. ed., whtcih foUowii the author's Appendix. 
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ently colored rays. A particular thickness absorbs the middle 
of the red space, the whole of the orange, a great part of the 
green, a considerahie part of the blue, a little of the indigo^ 
and very little of the violet The yellow space, which has 
not been much absorbed, has increased in breadth. It occu- 
. pies part of the space formerly covered by the orange on one 
side, and part of the space formerly covered by the green on 
the other. Hence it follows, tbat the blue glass has absorbed 
the red light, which, when mixed with the yellow light, con- 
stituted orange, and has absorbed also the bltte light, which, 
when mixed with the yeUoto, constituted the part of the 
green space next to the yeUow, We have therefore, by ab- 
sorption, decomposed green light into yellow and hlue^ and 
orange light into yeUow and red ; and it consequently follows, 
that the orange and green rays of the spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
posed by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. Differ^ 
ence of color is therefore not a test qf difference qf refrangir 
biiity, and the conclusion deduced by Newton is no longer 
admissible as a general truth : ^ That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete anuysis of the spec- 
tmm, I have examined the spectra produced by various bodies, 
and the changes which they under^ by absorption when 
viewed through various colored media, and I find that the. 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action at particular media ; 
and from these observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow^ 
spectrum, and a blue ^ctrum. The primary red spectrum 
has its maximum of intensity about the mi(Klle of the red 
space in the solar spectrum, iheprimmry yeUow spectrum has 
its maximum in the middle of the yeUow space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo space. The two minuna of each of the three 
primary fli)ectra coincide at the two extremities of the solar 
spectranu 

From this view of the constitution of the solar spectrum 
we majr draw the following conclusions: — 

1. Kedj yeliow, and blue light exist at every point oi the 
solar spectrum. 

2. As a certain portioil of red, yellow, and blue constitute 
ukite light, the color of every point of the spectrum may be 
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considered as consisting of the predominating color at any 
point mixed with white light In the red space there is more 
red than is necessary to make white light with the small por- 
tions of yellow and blue which exist there ; in the yellow 
space there is more yellow than is necessary to make white 
light with the red and blue ; and in the part of the blue space 
which appears violet there is more red than yellow, and 
hence the excess of red forms a violet with the blue. 

3. By absorbing the excess of any color at any point of the 
spectrum above what is necessary to form white; light, we 
may actually cafise white light to appear at that 'point, and 
this white light will possess the remarkable property of re- 
maining white after any number of refractions, and of being 
decomposable only by absorpti<Hi. Such a white light I have 
succeeded in developing in dif^rent parts of the spectrunL 
These views harmonize in a remarkable manner with the 
hypothesis of three colors, which has been adopted by many 
philosophers, and which others had rejected from its incom- 
patibility with the phenomena of the spectrum. 

The existence of three primary colors in the spectrum, and 
the mode in which th^y produce by their combmation the 
seven secondary or compound colors which are developed by 
the prism, will be understood from J^. 61. where M N is the 
prismatic spectrum, consisting of three primary spectra of the 
same lengths, M N, viz. a red, a yellow, and a blue spectrum. 
The red spectrum has its maximum intensity at R ; and this 
intensity may be represented by t^e distance of the point R 
from M N. The intensity declines rapidly to M and slowly 
to N, at both of which points it vanishes. The yellow speo- 

Fig. 51. 




tram has its maximum intensity at Y, the intensity declining to 
zero at M and N ; and the blue has its maximum intensity at 
B, declining to nothing at M and N. The general curve 
which represents the total illumination at any point will be 
outside c^ these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point Thus the ordinate of the general curve at the point Y 
will be equal to the ordinate of the yellow curve, which we 



70 ▲ TSEATISE ON OPTICS; PAET II. 

may suppose to be 10, added to that of the red curve, which 
may be 2, and that of the blue, which may be L Hence the 
general ordinate will be 13. JVow, if we suppose that 3 parts 
of yellow, 2 of red, and 1 of blue make white, we shall have 
the color at Y equal to 3 + 2 -f- 1, equal to 6 parts of white 
mixed with 7 parts of yellow ; that is, the compound tint at 
Y will be a bright yellow without any trace of red or blue. 
As* these colors all occupy the same place in the spectrum, 
they cannot be separated by the prism ; and if we could find 
a colored 'glass which would absorb 7 parts of the yellow, we 
should oQtain at the point Y a white light which the prism 
could pot decompose.* 



CHAP. vm. 

ON THE DISPERSION OF UGEnP. 

In the preceding; observations, we have considered the pris- 
^ matic spectrum, K hijig. 50., as produced bv a prism of glass 
' having a given refracting angle, BAG. The green ray, or 
g G, which, being midway between ^K and ^ L, is called 
, the mean ray of the spectrum, has been refracted from P to 
O, or througn an angle of deviation, P ^ G, which is called 
the mean refracticxi or deviation, produced by the prism. If 
we now increase the sngle B A C of the pnsm, we shall in- 
crease the refraction. The mean ray g G will be refracted 
to a greater distance from P, and the extreme rays ^ I^ ^ K, 
to a mater distance in the same proportion ; that is, if g- 6 
is re&acted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
E L will be twice as great For the same reason, if we 
diminish the angle B A C of the prism, the mean refraction 
and the spectrum will diminish in the same proportion ; but, 
whatever be the angle of the prism, the length E L will al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of aU sub- 
stances whatever, produced spectra bearing the same propor- 
tion to the mean refraction as prisms of glass ; and it is a re- | 
markable, circumstance, that a philosopher of such sagacity 
diould have overlooked a fact so palpable, as that different i 
bodies produced spectra whose lengths were different, when I 
the mean refraction was the same. 
The prism BAG being supposed to be made of crmon j 

• See Note III., by Am. ed., following the author's Appendix. 
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glass, let us take another of flint glass or white crystai, with 
such a refracting angle that, when placed in the position 
BAG, the light enters and' 4uits it at equal angles, and re- 
fracts the mean ray to the same point G. The two prisms 
ought, therefore, to have the same mean refraction. But when 
we examine the spectrum produced by the flint glass prism, 
we shall find that it extends beyond K and L, and is evidently 
longer than the spectrum produced by the crown glass prism. 
Hence flint glass is said to have a greater dispersive power 
than crown glass, because at the same angle of mean refrac- 
tion it separates the extreme rays of the spectrum, ^ L, ^ E, 
farther from the mean ray g G. 

In order to explain more clearly what is the real measure 
of the dispersive power of a body, let us suppose that in the 
crown glass prism, BAG, the index of refraction for the ex- 
treme violet ray, ^K, is 1-5466, and that for the extreme red 
ray, g L, 1-5258 ; then the difference of these indices, or 
•0208, would be a measure of the dispersive power of crown 
glass, if it and all other bodies had the same m^an refraction : 
but as this is far from being the case, the dispersive power 
must be measured by the relation between -0206 and the 
mean refraction, or 1-5330, or to the excess of this above 
unitj^, viz., '5330, to which the mean refraction is always pro- 
portional. For the purpose of making this clearer, let it be 
required to compare the dispersive powers of diamond and 
crmon glass. The index of refraction of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference of these is -0560, nearly three times as great as 
. 0208, the same diflerence for crown glass ; but then the dif- 
ference between the sines of incidence and refraction, or the 
excess of the index of refraction above unity. Or 1*439, is also 
about three times as great as the same difference in crown 
glass, viz., '5330 ; and, consequently, the dispersive power of 
diamond is very little greater than that of crown glass. The 
two dispersive powers are as follows : — 



Grown Glass . . . :Jf|J = 0-0396 
Diamond .... J^^ = 0*0388 

This similarity of dispersive power might be proved experi- 
mentally, by taking a prism of diamond, which, when placed 
at B A G iaflg, 50., produced the same mean refraction as the 
green ray g G. It would then be seen that the spectrum 
which it i>rodttced was of the same length as that produced 
by the prism of crown glass. Hence the splendid colon 
which distinguish diamond from every other precious stone 
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are not o^iag to its high dispersive power, but to its great 
mean re&action. 

As the indices of refraction given in our table of refractive 
powers are nearly suited to the mean ray of the spectrum, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, No. I., obtain the 
approximate indices of refraction for the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of refraction for the index of refrac- 
tion of the violet, and subtracting half of the same number 
for the index of the red ray. The measures m the table are 
given for the ordinary light of day. When the sun's light is 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refrajction for the extreme ray is thus 
known, we may determine the jposition and length of the 
spectra produced by , prisms of different substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, ^d whatever be the distance of the screen on which 
the spectrum is received. 

If we take a prism of crown glass, and another of flint 
glass, with such refracting angles that they produce a spec^ 
trum of precisely the same length, it will be found, that when 
the two prisms are placed together with their refracting angles 
in opposite directions, they will not restore the refracted pencil 
to the state of white light, as happens in the combination of 
two equal prisms of crown or two equal prisms of flint glasa 
The wfiite light P,^^". 50., will be tinged on one side with 
purple, and on the other with green light This is called the 
secondary spectrum, and tlie colors secondary colors ; and it 
is manifest that they must arise from the colored spaces in the 
spectrum of crown glass not being equal to those in the spec- 
trum of flint glass. 

In order to render this curious property of the spectrum 
very obvious to the eye, let two spectra of equal length be 
formed by two hollow prisms, one containing oil of co^no, 
and the other sulphuric acid. The oil of cassia spectrum will 
resemble A B,^^. 52., and the sulphuric acid spectrum C D. 
In the former, the red, orange, and yellow spaces are less than 
in the latter, while the blue, indigo, and violet spaces are 
gr«kter ; the least refrangible rays heins, as it were, contracts 
ed in the former and expanded in the* latter, while the most 
refraogible rays are expanded in the one and contracted in the 
other. Inconaequenceof this diflerence in the colored spaxses,. 
ih» middle or mew ray m n does not pass through the fame 
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. color in both spectra. In ihe oil of casiia spectrum it is in 
^e l^ve space, and in the mlphuric add spectrum it is in the 



Indigo. 




green space. As the colored spaces have not the same ratio 
to one another as the lengths of the spectra which they com- 
pose, this property has been called the irrationality of diaper" 
non, or of the colored spaces in the spectrum. 

In order to ascertain whether any prism contracts or ex- 
pands the least refrangible rays more than another, or which 
of them acts most on green light, take a prism of each with 
such angles that they correct each other's dispersion as much 
as possible, or that tney produce spectra of the same length. 
If, through the prisms placed with their refracting angles in 
opposite directions, we look at the bar of the window parallel 
to the base of the prism, we shall see its edges perfectly free 
from color, provided the two prisms act equally upon green light 
But if they act differently on green light, the bar will have a 
fringe of purple on one side, and a fringe of green on the 
other ; and the green fringe wi^ always be on £e same side 
of the bar as the vertex of the prism which contracts the yel- 
low space and expands the blue and violet ones. That is, if 
the prisms are mnt and crown glass, the uncorrected green 
fringe will be on the lower side of the bar when the vertex of 
the flint g)ass prism points downwards. Flint glass, therefi>re, 
has a leas action upon green light than crown glass, and con- 
tracts in a greater degree the red and yellow spaces* See 
Appendix, Na II. 

6 
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CHAP. IX. 

ON THE PRINCIPLE OF ACHROMATIC TEUEKOOFESL 

In treating of the progress of rays through lenses, it waa 
taken for granted that the light was homogeneous, and that 
every ray that had the same . angle of incidence had also the 
same angle of refraction ; or, what is the same thing, that 
every ray which fell upon the lens had the same index of re- 
fraction. The observations in the two precedmg chapters 
have, however, proved that this is not true, and that, in tJie- 
case of light Ming upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1*5466, the index ofrefraction for the 
violet rays. As the light of the sun, by which all tiie bodies 
of nature are rendered visible, is white, this property of light, 
viz. the different refrangibility of its parts, affects greatly the 
formation of images by lenses of all kinds. 

In order to explain this, let I^ L be a convex lens of crowa 
glass, and R L, R L rays of white light incident upon it par- 

«*» fig. S3. 




allel to its axis R r. As each ray R L of white light consists 
of seven differently colored rays havuig different degrees of 
refrangibility or different indices of refraction, it is evident 
that m the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one pomt The 
extreme red rays, for example, in R Ij, R L, whose index of 
refraction is 1*5258, if traced through the lens b^ the method 
formerly given, will be found to have their focus in r, and C r 
will be l£e focal length of the lens for red rays. In like 
manner the e^eme vu^t rays, which have a greater index 
of refraction, or 1*5466, will be refracted to a focus v much 
nearer the lens, and C v will be the focal len^ of the lens 
for violet rays. The distance v r is called the diroxnatic aber- 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean refrangible rays at o, is called the circle 
of least aberration. 
These effects may be shown experimentally by exposing the 
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lens L L to the parallel rays of the sun. If we retseive the 
image of the sun on a piece of paper placed between o and C, 
the luminous circle on the paper will have a red border, be- 
cause it is a section of the cone L a 6 L, the exterior rays of 
which L a, L 6 are red ; but if the paper is placed at any 
g^reater distance than o, the luminous circle on the paper will 
have a violet border, because it is a section of the cone / abl\ 
the 'exterior rays of which al^bl' sie violet, being a contin- 
uation of the violet rays L v, L v.. As the spherical aberration 
of the leas is here combined with its chromatic aberration, 
the undisguised effect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tral part, leaving only a small rim round its circumference at 
jL L, through which the rays of light may pass. The refrac- 
tioB of the differently colored rays will be then finely dis- 
piaf ed by viewing the image of the sun on the different sides 
of ta &. 

It is clear from these observations that the lens will form a 
violet image of the sun at v, a red image at r, and images of 
the other colors in the spectrftm at intermediate points be- 
tween r and v; so that if we place the eye behind these 
images, we shall see a confused image, possessing none of 
that sharpness and distinctness which it would have h|d if 
formed only by one kind of rays. 

The same observations are true of the refraction of white 
liglit by a concave lens ; only in this case the parallel rays 
which such a lens refracts diverge, as if 'they proceeded from 
separate foci, v and r, in front of the lens. 

If we now place behind L L sf concave lens G G of the 
same glass, and having its surfaces ground to the same cur- 
vature, it is obvious that since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a 6, 
the fbcus of the mean refrangible rays, where the violet and 
red rays cross at a and 6, the image will be more distinct than 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be refracted into parallel direc- 
tions; that is, the concave lens will refract these converging 
rays into the parallel lines G Z, G {, and they will again form 
white light That the red and violet rays will be thus re- 
united in one, viz. G I, may be proved by projecting them ; but 
it is obvious also from the consideration that the two lenses 
L L, G G actually form a piece of parallel glass, the outer 
ccaieave surface w G G being parallel to the outer convex siu'- 
face of L L. 

(67^ But though we have thus corrected the color produced 
hf LLi, by means of the lens G.G, we have done this by a 
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Qselefls combination ; mnce the two together act only like a 
niece of plane glass, and are incapable of forming an image. 
If we make the concave lens G G, however, of a longer focus 
than L L, the two together will act as a convex lens, and will 
form images behind it, as the rays GljGl wiU now converge 
to a focus behind L L. But as the chromatic aberration of the 
lens G G will now be less than that of L L, the one will not 
correct or compensate the other ; so that the difllerence be- 
tween the two aberrations will still remain. Hence it is im- 
possible, by means of two lenses of the same glass, to form 
an image which shall be free from color. 

As Sir Isaac Newton believed that all sabstances whatever 
produced the same quantity of color, or had the same chro- 
matic aberration when formed into lenses, he concluded* thait 
it was impossible, by the combination of a concave with a con- 
vex glass, to produce refraction without color. But we have 
alret^y seen that the premises from which this- conclusion was 
drawn are incorrect, and that bodies have diflferent dispersive 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that different lenses may produce 
the same degree of color when they have different focal 
lengths; so tlmt if the lens L L is made of croton glass, whose 
index of refraction is 1*519, and dispersive power 0*096, and 
the lens G G of flint glass, whose index of refraction is 1*569, 
and dispersive power 0*0^^ and if the focal length of the 
convex crown-glass lens is made 4} inches, and £at of the 
concave flint-glass l^ns 7f inches, they will form a lens with a 
focal length of 10 inches, and will refract white light to a 
single focus free of color. Such a lens is called an achro" 
wuUic lens ; and when used as a telescope, with another glass 
lo magnify the colorless image which it forms of distant ob- 
jects, it constitutes the achrofnatic telescope, one of the 
greatest inventions of the last century. Although Newton, 
reasoninj? from his imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be hopeless; 
jret, in t short time after the death of that great philosopher, 
it was accomplished by a Mr. Hall, and afterwards by Mr. 
Bollond, who brought it to a high degree of perfection. 

The image formed by an achromatic lens thus constructed 
would have been perfect if the equal spectra formed by the 
crown and flint glass were in every respect similar : but as 
we have seen that the colored spaces in the one are not equal 
to the colored spaces in the other, a secondary spectrum is 
left ; and therefore the ima^ of all luminous objects, when 
seen through such a lens, will be bordered on one side with a 
fwrpU ttmgt, and on the other with a green fringe. If two 
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substances conld be found of different refractive and diipersiye 
powers, and capable of producing equal spectra, in winch the 
colored spaces were equal, a perfect achromatic lens voutf be 
produced : but, as no such substances have yet been found, 
philosophers have endeavored to remove the imperfection by 
other meanb ; and Doctor Blair had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of producing a primary spectrum, in which the green rays 
were among the most refrangible, something like C D,^^. 52., 
as in crown glass. But as muriatic acid Iuls too low a refrac- 
tive and dispersive power to fit it for being used as a concave 
lens along with a convex one of crown glass, he therefore 
CMiceived the idea of increasing the refractive and dispersive 
powers of the muriatic acid, by mixing it with metallic sdu- 
tions, such as muriate of antimony ; and he found he could do 
this to the requisite extent without altering its law of disper- 
sion, or the proportion of the colored spaces in its spectrum. 
By inclosing, therefore, muriate of antimony, L L, between 
two convex lenses of crown glass, as A B, C D in Jig, 54., 
Doctor Blair succeeded in refracting parallel rays R A, RB 




BI 

to a single focus F, withont the least trace of secondary 
color. Before he discovered this property of the muriatic 
acid, he had contrived another, though a more complicated 
combination, for producing the same effect ; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which he constructed, it 
is unnecessary to dwell any longer upon the subject 

In these observations, we have supposed that the lenses 
which are combined have no spherical aberration ; but though 
this is not the case, the combination of concave with convex 
sur&ces, when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 
lenses. 

In the course of an examuiation of the secondary spectm 
produced by different combinations, I was led to the conclu- 
sion that there may be refraction without color, bjr m^ns of 
two prisnDS, and ttuit two lenses may converge white light >to 
G2 
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cue fbcoB, evest though the prisms nod the lenses are made of 
the same kind of glioB. When one prism of a different angle 
is thfc made to correct the dispersion of another prism, a tet' 
tiarv 9p9Dtrvm is produced, which depends wholly on the 
angles at which the light is refracted at the two sur&ces of 
the prisms. See TVeatise on New PhilotophiciU Instru^ 
mentSyp, 400: 



CHAP. X. 

OW VBK PHTSICAL FROPERTIBB OF TAB SPBCtlttrM. 

(68.) In the preceding chapter we have considered only 
those general properties of the solar spectrum on which the 
ooQs^ction of achromatic lenses dependa We shall now 
proceed to take a general view of aU its physical properties. 

, On Zfte Existence ofFioeed lAnes in the Spectrum. 

In the Tear 1802, Dr. Wollaston announced that in the 
spectrum rormed hy a fine prism of flint glass, free from veins, 
when the luminous oUect was a slit, the twentieth of an inch 
wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
was not followed out by its ingenious author. ^ 

Without a knowledge of Dr. Wollaston's observation, the 
late celebrated M. iPraunhofer, of Munich, by viewing through 
a telescope the spectrum formed from a narrow line of solar 
light by the finest prisms of fiiat glass, discovered that the 
sur&ce of the spectrum was crossed throughout its whole 
length by dark lines of different breadths. None <^ these lines 
coincide with the boundaries cfihe colored spex^& They are 
nearly 600 in number : the lar^ei^ of them subtends an angle 
of from 5" to 10". From their distinctness, and the &cility 
with which thev may be found, seven of these lines, viz. 
fi, €, D, E, F, G, H, have been particularly distinguished by 
M. Fraunbofer. Of these B lies in the red space, near its 
outer end : C, which is broad and black, is beyond the middle 
•of the red; D is in the oranfre^ and is a strong double line, 
easily seen, the two lines bem^ nearly of the same size, and 
separated by a bright one; E is in the green, and consists of 
several, the middle one being the strangest; F is in the Utce, 
and is a very strong line ; G is in the indigo^ and H in the 
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motet BesideB these lines there are others which deserve to 
iw noticed. At A is a well defined dark line within the red 
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upace, and ha]f>wa3r hetween A and B is a group of seven or 
eight, forming together a dark band. Between B and C there 
lire 9 lines; between C and D there are 90; between D and 
E there are 84 of different sizes. Between £ and b there are 
24, at b there are three venr strong lines, with a fine clear 
space between the two widest ; between b and F there are 
52; between F and 165; and between G and H 190, 
many being accumulated at G. 

These lines are seen with equal distinctness in spectra pro- 
duced by all solid and fluid bodies, and, whatever be the 
lengths of the spectra and the proportion of their colored 
spaces, the . lines preserve the same relative position to the 
boundaries of the colored spaces ; and therefore their propor- 
tional distanpes vary with the nature of the prism by which 
they are produced. Their numl^pr, however, their order, and 
Iheu* intensity are absolutely invariable^ provided light comin? 
either ditectly* or indirectly from the sun be employed. 
Similar bands are perceived in the light of the planets and 
fixed starSf of colored Jlames, and of the electric spark. The 
spectra from the light of Mars and from that of Venus con- 
tain the lines D, £, 6, and F in the same positions as in sun- 
light In the spectrum from the light of Sirius, no fixed 
lines could be perceived in the orange and yellow spaces ; but 
in the green there was a very strong streak, and two other 
very strong ones in the blue. They had no resemblance, 
however, to any of the lines in planetary light The star 
Castor gives a spectrum exactly like that of SirhiSj the 
streak in the green being in the very same place. The 
streaks were also seen in tiie bltie, but Fraunhofer could not 
ascertain their place. In the spectrum of Pollux there were 
many weak but fixed lines, which looked like those in Venua 

* FrauBiiorer found tlie very MAe liaea in mooBUffbt. 



80 A TBEATISE ON OPTICS. PAST 11... 

It had the line D, &t example, in the very same place as in 
the light of the planets. In the spectrum of CapeUa the 
lines D and b are seen as in the sun*s light The spectrum 
of Betaigeus contains numerous fixed lines sharply defined, 
and those at D and b are precisely in the same places as in 
sun-light It resembles the spectrum of Venus. In the spec- 
trum of ProQyon Fraunhofer saw the line D in the orange ; 
but though he observed other lines, yet he could not deter- 
mine their place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright lines. 
The spectrum from the light of a lamp contains none of the 
dark fixed line* seen in the spectrum from sun-light; but 
there is in the orange a bright line which is more distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is found in the solar spec- 
trum. The spectrum from the light of a flame maintained by 
the blowpipe contains several distinct bright lines.* 

(69.) One of the most important practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
the distances of the lines B, C, D, Sue Fraunhofer com- 
puted the table of the indices of refraction of different sub- 
stances, given in the Appendix, Na III. From the numbers 
in the table here referred to we may compute the ratios of 
the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the Illuminating Power of the Spectrum. 

(70.) Before the time <^ M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only &om a rude e&timate. By means of a photometer he ob- 
tained the following results : — 

The {dace of maximum illumination he found to be at M, 
fig, 55., so situated that D M was about one third or one 
fourth of D E ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a maximum, 100, then the light of other points 
will be as follows : — 

Light at the red extremity - > 0*0 
" B --•.--- 3*2 

C 9-4 

D 640 

Maximum light at M - 100*0 
Light at E 48*0 



Light at F - - - - 17*00 

G - - - . 3*10 

H - - - - 0«56 

the violet ex- j 



tremity - - - ^^ 



* See 7^ Edmbmrgh Journal ^fScimu, No. XV. p. 7. 
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Calling the intensity of the light in the hriflhtest wpace D E 
100, Fraunhofer ^nd the light to haye the blowing intensity 
in the other spaces : — 

Intensity of light in BC - 2-1 

C D 29-9 

DE 100-0 



Intensity of light in E F 32*8 

TO 18-5 

' GH 3-5 



From these results it follows that, in the spectrum exam- 
ined by Fraunhofer, the most luminous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space. 
As a g[reat part, however, of the violet extremity of the spec- 
trum is not seen under ordinary circumstances, these results 
cannot be applied to spectra produced under such circum- 
stances. 

On the Healing Power of the Spectrum. 

(71.) It had always been supposed hv philosophers that the 
heating power in the spectrum would be proportional to the 
quantity of light; and Landriani, Rochon, and Sennebier, 
found the yellow to be the warmest of the colored spaces. Dr. 
Herschel, however, proved by a series of experiments that the 
heating[ power gradually increased from the violet to the red 
extremity of the spectrum. He found also that the thermome- 
ter continued to rise when placed beyond the red end of the 
spectrum, where not a single ray oi liffht could be perceived. 

Hence he drew the important conclusion, that there were 
invisible rays in the light of the sun^ which had the power of 
producing heat^ and which had a less decree of reJran^ibU- 
tty than red lifht. Dr. Herschel was desu-ous of ascertamin^ 
the refrangibility of the extreme invisible ray which possessed 
the power of heating, but he found this to be impracticable ; 
and he satisfied himself with determining that, at a point 1^ 
inches distant from the extreme red ray, the invisible rays ex- 
erted a considerable heating power, even though the ther- 
mometer was placed at the distance of 52 inches from the 
prism. 

These results were confirmed l^ Sir Henry Englefield, who 
obtained the following measures: — 

TMBpnatsn. i Taovantai*. 

Blue 56'> 

Green . ; . . . 58 
Yellow .... 62 



Red . . . . 72° 
Beyond red . . 79 



When the thermometer was returned from beyond the red 
into the red, it fell agam to 72°. 
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M. Benud dbtidned analogous measures ; but he found that 
the maximum of heat was at the very extremity of the red 
rays when the bulb of the thermometer was completely cov- 
ered by them, and that beyond the red space the heat was 
only one fiHh above that of the ambient air. 

Sir Humphry Davy ascribed Berard's results to his using 
thermometers with circular bulbs, and of too large a size ; and 
he therefore repeated the experiments in Italy and at Geneva, 
with very slender thermometers, not more than one twelfth of 
an inch m diameter, with very long bulbs filled with air con- 
fined by a colored fluid. The result of these experiments was 
a confirmation of those of Dr. Herschel.* , 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prisin is made. The follow- 
ing are his results : — 

SnlMUymtfttwPrinB. Oolorad qm» l> wbieh Uu belt to 

■ auxiouuna 

Water Yellow. 

Alcohol Yellow. 

Oil of turpentine Yellow. 

Sulphuric acid concentrated . . Orange. 

Solution of sal-ammoniac . . . Orange. 

Solution of corrosive sublimate . Orange. 

Crown glass . Middle of the red. 

Plate glass . Middle of the red. 

Flmt glass Beyond the red. 

The observations on alcohol and oil of turpentine were 
made by M. Wunsch.f 

On the Chemicdl Influence of the Spectrum. 

(72.) It was long ago noticed by the celebrated Scheele, 
that muriate of silver is rendered much blacker by the violet 
than by any of the other rays of the spectrum, fii 1801, M. 
Ritter of Jena, while repeating the experiments of Dr. Her- 
schel, found that the muriate of silver became very soon black 
beyond the violet extremity of the spectrum. t\. became a 
little less blackened in the violet itself, still less in the hlue^ 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

* See Edinburgh Encyelop^ia, vol. x. p. 69., where they were first pab* 
lisbed, as communicated to me by Sir Humphry. 

t For the recent observations of Bignor Melloni, see Note IV. of Am. ed. 
whicb IbUows author's Appendix. 
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m the solar c^ctrum, one on the red side which fkvon oagr- 
genation, and the other on the violet side which &vorB dis- 
oxygenation. M. Ritter also found that phosphorus emitted 
white fumes in the invisible red ; while in the mvisible violet, 
phosphorus in a state of oxygenation was instantly extii>-, 
guished. 

In repeating the experiments with muriate of silver, AL 
Seebeck found that its odor varied with the colored space in 
which it was held. In and beyond the violett it was reddish 
brown; in the bluCf it was bltte or bluish grey; in the yellow^ 
it was white, either unchanged or faintly tinged with yelhw ; 
and in and beyond the red it was red. In prisms of flint glassy 
the muriate was decidedly colored beyond the limits S the 
spectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
lastoQ obtained the very same results respecting the action of 
violet light on muriate of silver. In continum^ his experi- 
ments, he discovered some new chemical effects df light upon 
gum gttaiacum. Having dissolved some of this gum in afoo- 
hol, and washed a card with the tincture, he expoed it in the 
different colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and having covered the central' part of it so as to leave 
only a ring of one tenth of an inch at its circumference, he 
could collect the rays of any color in a ^us, the focal dis- 
tance bein^ about 24} inches for yellow lie^ht The card 
washed wim guaiacum was then cut in sma& pieces, which 
were placed in the different rays concentrated by the lens. In 
the violet and blue rays it acquired a green color. In the 
yellow no effect was produced. In the red rays, pieces of the 
card already made green lost their green color, and were re- 
stored to their original hue. The guaiacum card, when placed 
in carbonic acid gas, could not be rendered green at any dis- 
tance from the lens, but was speedily restor^ from green to 
yellow by the red ray& Dr. Wollaston also found that the 
back of a heated silver spoon removed the green qplor as e^ 
factually as the red ray& 

On the Magnetizing Power of the Solar Rays. 

(73.^ Dr. Morichini, more than twenty years ago, announced 
that the violet rays of the solar spectrum had the power of 
magnetizing small steel needles that were entirely free horn 
magnetism. This effect was produced by collecting the violet 
rays in the focus of a convex lens, and carrying me focus of 
these rays from the middle of one half of the needle to th« 
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eattremitiet of that half, without toochlBg the other Jial£ 
When this opemtion had been performed for an hour, the 
needle had acquired perfect pdarit^. MM. Carpa and Ridolfi 
repeated this experiment with perrect success ; and Dr. Mori- 
chini magnetized several needles in the presence of Sir H. 
Davy, Professor Playfair, and other English philosophers. M. 
Berard at Montpelier, M. Dhombre Firmas at Alais, and pro- 
fessor Ccmfigliachi at Pavia, having fiuled in producing the 
same effects, a douht was thus cast over the accuracy of pre- 
ceding researchea 

A fow yedrs ago, Dr. Morichini's experiment was restored 
to credit by some ingenious experiments by Mrs. Somerville. 
Having covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and exposed the other 
half uncovered to the violet rays, the needle ac(]uired mag- 
netism in about two hours, the exposed end exhibiting norai 
polarity. The indigo rays produced nearly the same effect, 
and the blue and green produced it in a less degree. When 
the needle was excised to the yellow, orang^e, r^, or calorific 
rays beyond the red, it did not receive the lightest magetism, 
although the exposures lasted for tiiree days. Pieces (^ clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles, &c., were 
magnetized in a shorter time. The same effects were pro- 
duced by exposing the needles half covered with paper to the 
sun^s rays transmitted through glass colored blue with cobalt. 
Green ^lass produced the same effect The light of the sun 
transmitted through blue and green riband produced the same 
effect as through colored glass. When the needles thus cov- 
ered had bung a day in the sun's rays behind a pane of glase^ 
their exposed ends were north poles, as formerly. 

In repeEiting Mrs. Somerville's experiments, M. Baumgart- 
ner of Vienna discovered that a steel wire, some parts of 
which were polished, while the rest were without lustre, be- 
came magnetic by exposure to the white light of the sun ; a 
north pole appearmg at each polished part, and a qputh pole at 
each unpolished ps^ The effect was hastened by concen- 
trating the solar rays upon the steel wire. In this way he ob- 
tained 8 poles on a wire eight inches long. He was not able 
to magnetize needles perfectly oxidated, or perfectly polished, 
or having polished lines in the direction of their lengths. 

About the same time, Mr. Christie of Woolwich found that 
when a magpaetized needle, or a needle of copper or glassy vi- 
brated by the force of torsion in the white light of the son, 
the arch of vibration was more rapidly diminished in the son** 
light than in the shade. The eroct was greateit on the nag^ 
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netized needle. Hence he concludes that the compoond Bolar 
Fays possess a very sensible magnetic influence. 

These results have received a very remarkable confirmaticni 
from the experiments of M. JBarlocci and M. Zantedeschi. 
Professor Barlocci found that an armed natural loadstone, 
which could carry 1^ Roman pounds, had its power nearly 
doubled by twenty-four hours* exposure to the strong light of 
the sun. M. Zantedeschi found that an artificial horse-shoe 
loadstone, which carried 13^ oz., carried 8^ more by three 
days* exposure, and at last supported 31 oz., by continuing it 
in the sun*s light He found, that while the strength in- 
creased in oxi<ULted magnets, it diminished in those which 
were not oxidated, the diminution becoming insensible when 
the loadstone was highly polished. He now concentrated the 
solar rays . upon the loadstone by means of a lens ; and he 
found that, both in oxidated and polished magnets, they aC' 
quire strength when their north pole is exposed to the 8un*a 
>rays, and lose strength when the south pole is exposed. He 
found likewise that the augmentation in the first case ex- 
ceeded the diminution in the second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
m the sun*8 light ; and he found that, by exposing the north 
pole of a needle a foot long, the semi-amplitude of the last 
oscillation was 6^ less than the first ; while, by exposing the 
south pole, the last oscillation became greater than the first 
M. Zaiitedeschi admits that he often encountered hiexplicable 
anomalies in these experiments.* 

Decisive as these results seem to be in favor of the mag- 
netizing power both of violet and white light, yet a series ef 
apparently very well conduct&d experiments have been lately 
published by MM. Riess and Moser,t which cast a doubt over 
the researches of preciflSing philosophers. In these experi- 
ments, they examined the number of oscillations performed in 
a given time before and after the needle was submitted to the 
influence of the violet rays. A focus of violet light concen- 
trated by a lens 1*2 inches in diameter, and 2*3 inches in focal 
length, was made to traverse one half of the needle 200 
times ; and though this experiment ^^as repeated with diflTer- 
ent needles, at difierenf seasons of the year, and diflTerent 
hours of the day, yet the duration of a given number of oscil- 
lations was almost exactly the same afl;er as before the experi- 
ment Their attempts to verify the results of Baumgartner 
were equally fruitless; and they therefore consider themselves 

* Edhihirgh Jwrnal ef Scimce, New Serito« No. V., p. m 
tU.No.iyMp.22Jr. 
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as entitled to reject totiidly a discovery, which for seventeen 
years has at different times disturbed science. *^ The small 
variatiaDs," they observe, ** which are found in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichini, Baumgartner^ 
&C., in so clear and decided a mann^." 



CHAP. XL 

ON THB INFLEXION OR DIFUlACnON OF LIGHT. 

(74.) Hating thus described the changes which light expe- 
riences when refracted by the sur&ces.of transparent bodies, 
and the properties which it exhibits when thus decomposed 
into its elements, we shall now proceed to consider the pbe^ 
nomena which it presents when passing near the edges of 
bodies. This branch of optics is called the inflexion or the 
diffraction of light 

This curious property of light was first described by Gri- 
maldi in 1665, and afterwards oy Newton ; but it is to the late 
M. Fresnel that we are indebted for a most successfol and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which pa9l||s near them, let a lens L L, of venr short focus^ 
fig. 56., be fixed in the window-shutter, M N, of a dark room ; 




and let R L L be a beam of the sun*s light, transmitted through 
the lens. This light will be collected into a &cus at F, from 
which it will diverge in lines FC, FD, fcmsoDS a circular 
image of light on me opposite wall If a small hole, about 
the lortieth of an inch in diameter, had been fixed in the win- 
dow-shutter in place of the Jens, nearly the asme livergent 
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beam of light would have heen obtained. The shadows of all 
bodies whatever held in this light will he found to he sup- 
rousded with three fringes of the following colors, reckoning 
inm the shadow : — 

First fringe. — ^Violet, indieo, pale blue, green, yellow, red. 

Second fringe. — Blue, yellow, red. 

Third fringe. — Pale blue, pale yellow, pale red. 

In order to examine these fringes, we may either receive 
them on a smooth white surface as Newton did, or adopt the 
method of Fresnel, who looked at them with a magnifying 
glass, in the same manner as if they had been an image 
toimed by a lens. This last method is decidedly the best, as 
it enables 'the observer to measure the fringes, and ascertain 
the changes which they undergo under different circum- 
stances. 

Let a body B be now placed at the distance B F from the 
^us, and let its shadow be received on the screen C D, at a 
fixed distance from the^body B, and the following phenomena 
will be observed : — 

1. ^^tever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
of a rush, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is homogeneous light of the different 
colors in the spectrum, the fringes will 1^ of the same color 
as the li^ht RL; and they wHl be broadest in red light, 
smallest m violet^ and of intermediate sizes in the interme- 
diate colors. 

3. The body B continuing fixed, let us either brinfif the 
screen C D nearer to B, or bring the lens with which we 
view the fringes nearer to B, so as to see them at different 
distances behind B. It will be found that they grow less and 
less as they approach the edge of B, from wluch they take 
tiieir rise. But if we measure the distances of any one fringe 
from the shadow at different distances behind B, we shall find 
that the line joining the same point of the fHnge is not a 
straight line, but a hyperbola whose vertex is at uie edge of 
the £)dy ; so that the same fringe is not formed by the same 
hght at all distances fh)m the body, but resembles a caustic 
curve formed by the intersection of different ray& This cu- 
rious fiict we have endeavored to represent in the figure by 
the hyperbolic curves joining the edge of the body B and the 
fringes which 'are shown by dotted lines. 

4. Hitherto we have supposed that B has been held at the 
flame distance from F ; but let it now be brought to 6, much 
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nearer F, and let the screen C D be brought to ci2, so that 
bgia equal BG. In this new position, where nothing has 
b^n changed but the distance from F, the fringes will be 
found greatly increased in breadth, their relative distances 
from each other and from the margin of the shadow remain- 
ing the tome. The influence of distance from the radiant 
point F on the size of the fringes, or on the quantity of 
inflexion, is shown in the following results obtained by M. 
Fresnel : — 





DUtaQM of tbe iailcctiiif 
body B behind Um n- 
dtant point F. 


Di«UBC«Bfl«rftf behlBdtbe 
body B or ft. wbera Uw In- 
flealon «m mesranid. 


of tb« flnt Crlaie. 


F6 
FB 


4 inches. 
20 feet 


39 inches. 
39 


12' 6" 
3 55 



When we consider that the frmges are largest in red, and 
smallest in violet li^ht, it is easy to understand* the cause 
of their colors in white light; for the colors seen in this case 
arise from the superposition of fringes of all the seven colors ; 
that is, if the eye could receive all the seven differently color- 
ed fringes at once, these colors would form by their mixture 
the actual colors in the fringes seen by white liffht Hence 
we see why the color of the first fringe is videt near the 
shadow, and red at a greater distance ; and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tints. 

Upon measuring the proportional breadths of the fringes 
with great care, Newton found that they were as tiie num- 
bers 1, y/^ y/\j x/^* >Lnd their intervals in the same pro- 
portion. 

Besides the external fringes which surround all bodies, 
Grimaldi discovered within the shadows of long and narrow 
bodies a number of parallel streaks or fringes alternately light 
and dark. Their number grew smaller as the body tapered ; 
and Dr. Young remarked that the central line vras always 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect* 
angular, what are called the crested fringes of Grimaldi are 
prSucecL 

The phenomena exhibited by substituting apertures of 
various forms in place of the body B are very interesting. 
When the aperture is circular, such as that fixrmed in a piece 
of lead with a small pin, and when a lens is placed behmd it 
so as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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«&d dilate, and change their tints in the moet beautiflil man- 
ner. When the aperture is one thirtieth of an inch, its dis* 
tance F B fix»m the luminous point 6 feet 6 inches, and its 
distance from the focus of the eye-lens, or B G, 24 inches, 
the following series of rings was observed : — 

1st order. White, pale yellow, yellow, orange, dull red. 

2d order. Violet, hlue, whitish, greeniedi yellow, yellow, 
bright orange. 

3d order. Purple, indigo blue, greenish blue, hright green, 
yellow green, red."" 

4th oraer. Bluish green, bluish white, red. 

5th order. Dull green, fkint bluish white, faint red. 

6th order. Very fiiint green, very faint red. 

7th order. A trace of green and red. 

When the aperture B is brought nearer to the eye-lens 
whose focus is supposed to be at G, the central white spot 
grows less and less till it vanishes, the rings gradually closing 
m upon it, and the centre assuming in succession the most 
brilliant tints. The following were the tints observed by 
Mr. Herschel; the distance between the radiant point F and 
the focus G of the eye-lens remaining constant, and the 
aperture, supposed to be at B, being gradually brought nearer 
toG:— 



DittUM 

(hntha 
tye-Vnm. 


Color or thfl Caatnl qmt. 


tlM MBtnl qnl. 


24 in. 
18 

13-5 

10 
9-25 
910 
8-75 
6-36 
8-00 
7-76 
7O0 
6-63 
6-00 
5*85 
5-50 
WW 
4-75 
4-60 
4-00 
3-85 
3-50 


White. 
White. 

Yeflow. 

Intense orange. 
Deep orange red. 
Brilliant blood red. 
Deep crimeon red. 
Deep purple. 
Very sombre violet. 
Intense indigo blue. 
Pure deep blue. 
Sky blue. 
Bluish white. 
Very pale blue. 
Greenish white. 
Yellow. , 
Orange yellow. 
Scarlet 
Red. 
Blue. 
Dark blue. 


Rings as described above. 

First two rings confused. Red of 3d» and 

green of 4th order, splendid. 
Inner rings diluted. Red and green of 

the outer rings sood. 
All the rings much diluted. 
Rings all very dilute. 
Rings all veiy dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. ^ 
A pale yellow ring. 
A rich yellow. 

A ring of orange, with a sombire space. 
Orange red, with a pale yellow space. 
A crimson red ring. ' 
Purple, with orange yellow. 
Blue, orange. 

Bright blue, orange red, pale yellow, white. 
Pale yellow, violet, pale yellow, white. 
White, indigo, dull orange, white. 
White, yellow, blue, dull red. 
Orange, light blue, violet, dull orange. 



H2 



90 A TSlATUa ON omC8. BAST II* 

When two nnll apertures are used instead of (me, and die 
rings examined hy &e eye-lens as before, two systems of 
rings will be seen, one round each centre ; but, asides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres^ and perpendicular to the line joining 
these centresL Two other sets of parallel rectilineal fringes 
diverge in the form of a St. Andrew^s cross from the middle 
point between the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two Efyst^ns of rings are unequal, and the first 
s^t of parallel fringes become hyperbolas, concave towards 
the smaller system of rings, and having the aperture in their 
common focus.* 

The finest experiments on this subject are those of Praun- 
hofer; but a proper view of them wodid require more space 
than we can spare.! 



CHAP. XIL 

ON THB COLORS OF THIN PLATBfi. 

(75.) When light is either reflected from the surfiices of 
transparent bodies, or transmitted through portions of them 
with parallel surfaces, it is invariably white, for all the di^ 
ferent thicknesses of such bodies as we are in the habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica ganerally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness of 
these two bodies to a certain decree, we shall find that, in- 
stead of giving white light by renexion and transmissicm, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in tiow^ 
ing glass so thin as to show the same tints. 'Lord Brereton 
ha^ observed the colors of the thin oxidated films which the 
acticm of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally thin that they exhibited over their 
whole sur&ce the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 

* Henchers Treatise oh Light, § 735. 

t See Eiinhurgh Eneyt^op^odi^, «it. Optica. Vol, XV.* P- 586^ 
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Sticking one side of a plate of mica to a piece of sealingf-wax, 
and tearing it away with a sudden jerk. Some eztremeljr 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we could produce a ' 
film of mica with only one tenth part of the thickness of that 
Which produces a bright blue color, this film would reflect no 
light at all, and would appear black if viewed by reflexion against 
a black body. But though no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on one occasion produced solid fibres 
as thin, and actually incapable of reflecting light This very 
remarkable fact occurreo in a crvstal of quartz of a smo^ 
•color, which was broken in two. The two surfiices of firacture 
were absolutely black; and the blackness appeared, at first 
sight, to be owmg to a thin film of opaque matter which had< 
insinuated itself into the Crevice. This opinion, however. 
Was untenable, as every part of the sur&ce was black, and the 
twolialves of the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examin- 
ing this specimen with care, I found that the' surface was per- 
fectly transparent by transmitted light, and that the blackness 
of the sur&ces arose from their being entirely composed of a 
^ne down of quartz, or of short and slender filaments, whose 
diameter was so exceedingly small that they were inciq[>able 
of reflecting a single ray of the strongest )i^nt The diameter 
of these fibres was so small, that, from prmeiples which we 
shall presently explain, they could not exceed the one third 
of the millionth part of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* I have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall exhibit a fine down of different colors de- 
pending on their size. 

The colors thus produced by thinness, and hence called the 
colors of thin platesj are best observed in fluid bodies of a 
viscous nature. If we blow a soap-bubble, and cover it with 
a clear glass to protect it from currents of air, we shall ob- 
serve, after it has grown thin by standing a little, a great 
many concentric colored rings round the top of it The color 
in the centre of the rings will vary with the thickness ; but 
as the bubble grows thinner the rin^ will dilate, the central 
spot will become, white, then bluish, and then black, after 
which tlie bubble will burst, from its extreme thinness at the , 
place of the black spot. The same change of color with the ** 

* See Edinburgh Journal ^fSemtce, No. I., p. 106> 
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thickneai may be seen by placing a thick film of an evapora- 
ble fluid upon a clean plate of glaee, and watching the effects 
of the dimiautbn of thickness which take place in the course 
of evaporation. 

The method used by Sir Isaac Newton for producing a thui 
plate of air, the cblors of which he intended to investigate* is 
shown in Jig. 57.> where L L is a plano-convex lens, the 

Fig. 57. 



nidhis of whose convex surfitce is 14 feet, and H a double 
lUHivex lens, whose convex surfaces have a radius of 50 feet 
each. The plane side of the lens L L was placed downwards, 
00 as to rest upon one of the surfiices of the lens I L These 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circulai' color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under diflerent 
degrees of pressure, and when the lenses L L, Z / are at 
different distances, three clamp-screws, p,Pip, should be em- 
ployed, as shown in fig, 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact 

When we look at these rings through the upper lens, so as 
to see those formed by the light reflected from' the plate of air 
Fig.iSB. between the lenses, we may observe 

seven rings, or rather seven Circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens 1 1 firora below, we observe another set of rings or 
spectra formed in the transmitted light Only five of these 
transmitted rings are distinctly seen, and their colors, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table ; but they are much more fiiint than those seen 
Vy reflexicm. By comparing the colors seen by reflexion with 
those seen by transmission, it will be observed that the color 
transmitted is always c(Hnplementary to the one reflected, or 
which, when mixed with it, would make white light * 
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Table €ftke Colon of Thin PlaU$ of Air, Water, and Ohuo. 



Spectn, or Orden of 
Cotan. TCckom' 
Cmm th« ceBtra. 



First 

Spectrum ^ 
or order 
of Colors. 



Second 

Spectrum 
or order 
of Colors. 



Third 

Spectrum 
or order' 
of Colors. 



Fourth 
Spectrum 
or order 
of Colors. 

Fifth f 
Spectrum 1 
or order | 
of Colors. (^ 

Sixth f 
Spectrum I 
or order] 
of Colora [ 
Seventh C 
Spectrum i 
or order 1 
of Colors. \ 



TeryUack" 
Black 
Beginning 
of black 
Blue 
White 
Yellow 
Orange 
Red 



Violet 

Indigo 

Blue 

Green 

Yellow 

Orange 

Bright red 

Scarlet 



TrmtumitUi. 



White 



Yellowish red 

Black 

Violet 

Blue 



i 



White' 

Yellow" 

Red* 

Violet 

Blue 



Purple 

Indigo 

Blue 

Green 

Yellow 

Red 

Bluish red 



Green 

Yellow 
Red 

Bluish green 



Bluish green 
Green 

Yellowish ) 
green \ 
Red 



Greenish 

blue 
Red 



Greenish 

blue 
Red 



Greenish 

blue / 
Ruddy 
white 



WaUr. 



lel 

24 



Red 



Bluish green 



34 
35f 

86 

40| 



Red 



46 



58J 
65 



71 

77 



25, 
26] 

27 

30J 



34J 



44 



63J 
57f 



If 

1« 



7} 

I* 

Ill 

111 
12| 



13H 
14| 

15iV 

18? 
20f 



22 
22| 

23f 

26 



29J 
34 



42 
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the preceding colors are those which are seen when light 
Is reflected and transmitted nearly perpendicularly ; but Sir 
Isaac Newton found that when the light was reflected and 
transmitted obliquely, the rings increased in size, the same 
color requiring a greater thickness to produce it. The color 
of any film, therefore, will descend to a color lower in, or 
nearer the beginning of, the scale, when it is seen obliquely. 

Such are the general phenomena of the colored rings when 
€een by white light When we place the lenses in homoge- 
neous light, or make the different colors of the solar spectrum 
pass in succession over the lenses, the rings, which are always 
of the same color as the light, will be found to be largest in 
red light, aud to contract gradudlly as they are seen in all the 
succeeding colors, till they reach their smallest size in the 
violet raya Upon measuring their diameters, Newton found 
them to have the following ratio in the different colors at their 
boundaries: — 



Since white light is composed of all the preceding colors, the 
rings seen by it will consist of all the seven differentljr color- 
ed systems of rings superposed as it were, and forming, by/ 
their union, the different colors in the Table. In order to 
explain this, we have constructed the annexed diagram, Jig, 
59., on the supposition that each ring or spectrum has the 




same breadth in homogeneous light which it actually has 
when it is formed between surraces ne^irl^ flat, or when 
the thickness of the plate varies with the distance from the 
point of contact* Let us then suppose that we form such a 

.., I 

* Thii lupposition is made in order to simplify the diagram. 
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rim of rings with the seven colors of the spectmm, and 
a sector is cut out of each system, and placed, as in the 
figure, round the same centre (5. Let the angle of the red 
sector be 50°, of the orange 30°, the yellow 40°, the green 
00°, the blue 60°, the indigo 40°, and the violet 80°, being 
360° in all, so as to complete the circle. From the centre G 
set off the first, second, and third rings in all the sectors, with 
radii corresponding to the values in the preceding small 
Table. Thus, since the proportional diameters of the ex- 
treme red and the extreme orange sire 1 and 0*024, the mid- 
dle of the red will be in the middle between these numbers, 
or 0*962 ; and consequently the proportional diameter, or the 
radius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius for the orange will 
be 0*904, for the yellow 0*855, for the green 0*794, for the 
blue 0*737, for the indigo 0*696, and for the violet 0*666. Let 
the red rings be colored red as they appear in the experiment, 
the orange rings orange, and so on, each color resembling that 
of the spectrum as nearly as possible. If we now suppose all 
these colored sectors to revolve rapidly round C as a centre^ 
the efilect of them aJlj thus mixed, should be the production of 
the colored rings as seen by white light. As the diameter of 
each ring varies from the beginning of the red space to the 
end of it, and so on with all the colors, the portion of the 
ring in each sector should be part of a spiral, and all jthese 
separate parts should unite in forming a single spiral, the red 
forming tihe commencement, and the violet the termination of 
the spiral for each ring. 

This diagram enables us to ascertain the composition of any 
of the rings seen in white light Let it be required, for ex- 
ample, to determine the color of the ring at the distance C m 
from the centre, m being in the middle of the second red ring. 
Round C as a centre, and with the radius C m, describe a cir- 
cle, m nop, and it will be seen from the different colors 
through which it passes what is its composition. It passes 
nearly through the very brightest* part of the second red ring, 
at m, and uirough a prettv bright part of the orange. It 
passes nearly tiirough the bright part of the yellow, at n ; 
through the brightest part of the ^een ; through a less bright 
part aii the blue ; through a dark part of the indigo, at p ; 
and through the darkest part of the third violet ring. If we 
knew the exact law according to which the brightness of any 
fiinge varied from its darkest to its brightest point, it would 
thus be easy to ascertain with accuracy the number of rays 

* In tbe figure, the brigbtest part is the most shaded. 
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of each color which entered into the coiDpofiiti0n of any of 
the nngs seen hy white light 

In o^er to determine the thickness of the plate of air hy 
which each color was produced, Newton found the squares of 
tbe diameters of the brightest parts of each to be in the 
arithmetical progression of the odd numbers, 1, 3, 5, 7, 9, &c., 
ax^ the squares, of the diameters of the obscurest parts in the 
arithmeticid progression of the even numbers, 2, 4, 6, S, 10 ; 
and as one of the glasses was plane, and the other spherical, 
their intervals at these rings must be in the same progression. 
He then measured the diameter 6f the fifth dark ring, and 
feund that the thickriess of the air at the darkest part of the 
FIB8T dark ring, made by perpendicular rays, was the ^^.W 
part of an inch. He then multiplied this number by the pro- 
ffression 1, 3, 5, 7, 9, &c., and 2, 4, 6, 8, 10, and obtained the 
Allowing results : — 

ThIokaeM of fhe air at ths ThleknM of rha air at tka 

aoat Inmiiioaa yart. moat obwara part. 

Pebst Ring - - - yrff W " " " iT8?ooo ^ sv^jts. 

Second Rmg • - - y^^^i^ - - •- yn^oir 

Third Rmg - - - pnynnr " ' *" inrjnn^ 

Fourth Rmg - - - yy^^ - - - YT9%ifv 

When Newton admitted water between the lenses, he 
found the colors to become fainter, and the rings smaller; 
and u^n measuring the thicknesses of water at which the 
same rings were prwiuced, he found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*000 to 1*336. From these data he 
wiiB enabled to compute the three last columns of the Table 
given in psjge 93, which show the thicknesses in millionth 
parts of an inch at which the colors are produced in plates of 
air, water, and glass. These columns are of extensive use, 
and may be regarded as presenting us with a micrometer for 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about yyv.linr^^ o^^^n inch, which corresponds to the 
seventh ring, the colors cease to become vi8ible» owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numben^ a dark and a colored ring succeeding each 
other to a considerable distance' from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer rings crowd upon one another, and 
cease to become visible firom this cause. This effect would 
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obviously not be produced if they were formed by a solid film 
whose thickness varied by slow gradations. Upon this prin- 
ciple, Mr. Talbot has pointed out a very beautiful method of 
exhibiting these rings with plates of glass and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
60 thin that it bursts,* and hold any of the fragments in the 
light of a spirit lamp with a salted wick, or in the light of 
any of the monochromatic lamps which I have elsewhere de- 
jscribed, all of which discharge a pure homogeneous yellow 
light, the surface of these films will be seen covered with 
fringes alternately yellow and black, each fringe marking out 
by its windings the lines of equal thickness in the glass film. 
Where the thickness varies slowly, the fringes will be broad 
and easily seen ; but where the variation takes place rapidly, 
the fringes are crowded together, so as to require a micro- 
scope to render them visible. If we suppose any of the films 
of glass to be only the thousandth part of an inch thick, the 
rings which it exhibits will belong to the 89th order ; and if 
a lu-ge rough plate of this glass could be ^t with its thick- 
ness descending to the millionth part of an mch by slow gra- 
dations, the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
such efiects, the light would require to be perfectly hom<^e- 
neouB. 

The, rings seen between the two lenses are equally visible 
whether air or any other gas is used, and even when there is 
no gas at all ; for the rings are visible in the exhausted re- 
ceiver of an air-pump. 



CHAP. xm. 

ON THE COLORS OF THICK PLATES. 

(76.) The colors of thick plates were first observed and 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of solar lights R, into a dark 
room, through an aperture a quarter of an inch in diameter 
formed in the window-shutter M N, he allowed it to fidl upon 
a glass mirror, A B, a quarter of an inch thick, quicksilvered 
behind, having its axis in the direction R r, and die radius of 
tiie curvature of both its sudacet being equal to its distance 
behind the aperture. When a sheet of paper was placed on 
the window4hutter M N, with a hole in it to allow the sun- 

• Filmi of mica ansiv«r the purpose still better. 
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beam to paaa, he observed the hole to be surrounded with 
four or five colored rings, with someftimes traces of a aidk 

Fig.eo. 

and seyenth. When the paper was held at a greater or a less 
distance than the centre of its concavity, the rings became 
more dilute, and gradually vanished. The colors of the rings 
succeeded one another like those in the transmitted system m 
thin plates, as given in column 3d of the Table in page 93b 
When the light Rwas red the rings were red, and so on with 
the other colors, the rings being largest in red and smallest 
in violet light Their diameters preserved the same propor- 
tion as those seen between the object glasses ; the squares of 
the diameters of the most luminous parts (in homogeneous 
light) being as the numbers 0, 2, 4, 6, &c., and the squares of 
the diameters of the darkest parts as the intermediate num- 
bers 1, 3, 5, 7, &c. With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as the 
square roots of tiie thickness of the mirror. When the quick- 
silver was removed, the rings became fainter ; and when the 
back surface of the mirror was covered with a mass of oil of 
turpentine, they disappeared altogether. These fiicts clearly 
prove that the posterior surface of the mirror concurs with the 
j^nterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam R r, 
the rings grow larger and larger as the inclination increases^ 
and so also does the white round spot ; and new rings of color 
emerge successively out of their common centre, and the 
whit^ spot becomes a white ring accompanying them, and the 
incident and reflected beams always fall upon the c^posite 
parts of this white ring, illuininating its perimeter like two 
mock suns in the opposite parts of an iris. The colors of 
these new rings were in a contrary order tp those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur- 
face of the mirror when it was covered with gauze or muslin^ 
or with a skin of dried skimmed milk; and Sir W. Herschd 
noticed analogous phencHnena when he scattered hair-powder 
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in the air before a concave minor on which a beam of light 
was incident, and received the reflected light on a screen. 

(77.) The method which I have found to be the most sim- 
ple for exhibiting these colors, is to place the eye immediately 
behind a small £ime from a minute wick fed with oil or wax, 
BO that we can examine them even at a perpendicular inci- 
dence. The colors of thick plates may be seen even with a 
common candle held before the eye at the distance of 10 or 
12 feet from a common pane of crown ^lass in a window that 
has accumulated a little fine dust upon its surface, or that has 
on its surface a fine deposition of moisture. Under these 
circumstances they are very bright, though they may be seen 
even when the pane of glass is clean. 

The colors of thick plates may, however, be best displayed, 
and their theory best studied, by using two plates of glass of 
equal thickness. The phenomena thus produced, and which 
presented themselves to me in 1817, are highly beautiful, and, 
as Mr. Herschel has shown, are admira^y fitted for illus- 
trating the laws of this class of phenomena. In order to ob- 
tain plates of exactly the same thickness, I formed out of the 
same piece of parallel glass two plates, A B, C D, and having 
placed between them two pieces of soft wax, I pressed them 
to the distance of about one tenth 
of an inch from each other ; and by 
pressing above one piece of wax 
more than another, I was able tD 
give the two plates any small incli- 
nation I chose. Let AB, C D then 
be a section of the two plates, thus 
inclined, at right angles to the com- 
mon section of their surfiices, and 
let R S be a ray of li^ht incident 
nearly in a vertical durection and 
proceeding from a candle, or, what 
IS better, from a circular disc of 
condensed light subtending an an- 
gle of 2° OP 3®. If we place the eye l^hind the plates, when 
Uiey are parallel we shall see only an image of the circular 
disc ; but when they are inclined, as in the figure, we shall 
observe in the direction V R several reflected images in a 
row besides tiie direct image. ^ The first or the brightest of 
these will be seen crossed witli fifteen or sixteen oeautiful 
fringes or bands of color. The three central ones consist of 
blackish or whitish stripes ; and the exterior ones of brilliant 
bands of red and green light The direction of these bands 
is always parallel to the common section of the inclined 



je^.61. 
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plates. These colore^ bands increase in breadth by diminish- 
ing the inclination of the plates, and diminish by increasing 
their inclination. When the light of the luminous circular 
object falls obliquely on the first plate, so that the plane of in- 
cidence is at right angles to the section of the plates, the 
fringes are not distinctly visible across any of the images; 
but their distinctness is a maximum when the plane of inci- 
dence is parallel to that section. The reflected images of 
course become more bright, and the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of inci- 
dence increases from 0® to 90°, the images that have suffered 
the greatest number of reflexions are crossed by other fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first image so as to perceiye the image formed by 
a second reflexion within the first plate, and if we view the 
image through a small aperture, we shall observe colored 
bands across the first image &r surpassing in precision of 
outline and richness of coloring any analogous phenomenon. 
When these fringes are ag^ain concealed, others are seen on 
the image immediately behind them, and formed by a third 
reflexion firom the interior of the first plate. 

If we bring the plate C D a little farther to the right hand, 
and make the ray R S fall first upon the plate C D, and be 
afterwards reflected back upon the first plate A B, from both 
the surfaces of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the %ure. * 

When the two plates have the form of concave and convex 
lenses, and are combined, as in the dbuble and triple achro- 
matic object glass, a series of the most splendid systems of 
rings are developed; and these are sometimes crossed by 
others of a different kind. I have not yet had leisure to pub- 
lish an account of the numerous observations I have made on 
this curious class of phenomena. ' 

In viewing films of blown glass in homogeneous yeUow 
light, and even in common day-light, Mr. Tal£)t has observed 
that when two films are placed together, bright and obscure 
fringes, or colored fringes of an irregular form, are produced 
between them, though exhibited by neitiier of them separately. 
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CHAP. XIV. 

ON THE COLORS OV FIBRES AND CAOOTED SITRVAOBB. 

(78.) When we look at a candle or any other luminous body 
through a plate of glass covered with vapor or with dust in a 
finely divided state, it is surrounded with a corona or ring of 
tolors, like a halo round the sun or moon. These rin^ increase 
tu9 the size of the particles Which produce them is dimuiished ; 
and their brilliancy and number depend on the uniform size of 
these pai'tioles. Minute fibres, such as those of silk and wool, 
produce the same series of rings, which increase as the diameter 
«f the fibres is less ; and hence Dr. Young proposed an' in- 
strument called an eriometer, for measuring the diameters of 
minute particles and fibres, by ascertaining the diameter of 
any one of the series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the, one to be measured. The eriometer is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
half an inch in diameter, and perforated with about eight 
small holes. The fibres or particles to be measured are fixed 
in a slider, and the eriometer being placed before a strong 
light, and the eye assisted by a lens applied behuid the small 
hole, the rings of colors will be seen. The slider must then 
be drawn out or pushed in till the limit of the red and green 
ring coincides with the circle of perforations, and the index 
will then show on the scale the size of the particles or fibres. 
The seed of the tycoperdon bovista was found by Dr. Wol- 
laston to be the 8500dth part of an inch in diameter ;^ and as 
this substance gave rings which indicated 3J on the scale, it 
follows that 1 on the same scale was the 29750th part of an 
inch, or the 30,000dth part The following Table ^contains 
some of Dr. Young's measurements, in thirty-thousandths of 
an inch :— 

Shawl wool ...... 19 

Saxon wool 22 

25 
26 
26 
27 
28 
38 
39 
46 
60 



Milk dilated indistinct . . 


3 


Dast of lycoperdon bovista 


3J 


BuUock's blood . . . . 


4* 


Smut of barley • . . , 


.6i 


Blood of a mare . . . 


H 


Human blood diluted with 




water ...... 


6 


Pus 


u 


Silk 


12 


Beaver's wool . . . . 


13 


Mole*Bfur 


16 



12 



Lioneza wool 
Alpacca wool 

Farina of laureatinus , 

Ryeland Merino wool . 
Merino South Down 

Seed of lycopodium . . 

South Down ewe . . . 

Coarse wool . . . . 
Ditto firom some worsted 
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(79.) By observing the colors produced by reflexion from 
the fibres which compose the crystalline lenses of the eyes of 
fishes and other animals, I have been able to trace these fibres 
to their origin, and to determine the nmnber of pdles or septa 
to which they are related. The same mode of observation, 
and the measurement of the distance of the first coloifed 
iniage from the white image, has enabled me to determine the 
diameters of the fibres, and to prove that they all taper like 
needles, diminishing gradually from the equator to the poles 
of the lens, so as to allow them to pack into a sphericd su- 
perficies as they converge to their poles or points of origin. 
These colored images, produced by the fibres of the lens, lie 
in a line perpendicular to the direction of the fibres, and by 
taking an impression on wax from an indurated lens the colors 
are communicated to the wax. In several lenses I observed 
colored images at a great distance from the common image, 
but lying in a direction coincident witl^that of the fibres; and 
from this I inferred, that the fibres were crossed by joints or 
lines, whose distance was so small as the ll,000dth part of an 
inch ; and I have lately found, by the use of very powerfiil 
microscopes, that each fibre has in this case teeth like those 
of a rack, of extreme minuteness, the colors being produced 
by the lines which form the sides of each tooth. 

(80.) In the same class of phenomena we must rank the 
principal colors of mother-of-pearl. This substance, obtained 
from the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colors is therefore well known. 
In order to observe its colors, take a plate of regularly formed 
mother-of-pearl, with its surfaces nearly parallel, and grind 
these surfeces upon a hone or upon a plate of glass with the 
powder of schistus, till the image of a candle reflected from 
the surfaces is of a dull reddish-white color. If we now place 
the eye near the plate, and look at this reflected image, C» we 

Fig.GSt, 
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shall see on one side of it a prismatic image, A, glowing with 
all the colors of the rainbow, and forming indeed a spectrum 
of the candle as distinct as if it had been formed by an equi- 
lateial prism of flint glass. The blue side of this ima^ is 
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next the image C, and the distance of the red part of the 
image is in one specimen 7° 22' ; but this angle varies even 
in the same specimen. Upon first looking into the mother-o^ 
pearl, the image A may be above or belovi^ C, or on any side 
of it ; but, by turning the specimen r6und, it may be brought 
either to the ri^ht or left hand of C. The distance A C is 
smallest when the light of the candle falls nearly perpen- 
dicular on the surface, and increases as the inclination of the 
incident ray is increased. In one specimen it was 2° 7' at 
nearly a perpendicular incidence, and 9° 14' at a very great 
obliquity. 

On the outside of the ixpage A there is invariably seen a 
mass, M, of colored light, whose distance M C is nearly double 
AC. These three images are always nearly in a straight 
line, but the angular distance of M varies with the angle of 
incidence according to a law different from that of A. At 
great angles of incidence the nebulous mass is of a beautiful 
'crimson color; at an angle of about 37° it becomes green ; 
and nearer the perpendicular it becomes yellowish-white, and 
very luminous. 

If we now polish the surface of the mother-of-pearl, the 
^ordinary image C will become brighter and quite white, but a 
second prismatic image, B, will start up on the other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro- 
perties as the first Its brightness increases with the polidi 
of the surface, till it is nearly equal to that of A, the lustre 
of which is slightly impaired by polishing. This second 
image is never accompanied, like the first, with a nebulous 
mass M. If we remove the polish, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebulous mass M 
is improved by polishing. 

If we repeat these experiments on the opposite side of the 
specimen, the very, same phenomena will be observed, with 
this difference only, that the images A and M are on the op- 
posite side of C. 

In looking through the mother-of-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed. 
The colors and the distances of the images are the same ; but 
the nebulous mass M is never seen by transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
bright when seen by transmission, and vice versa. 

In making these experiments, I had occasion to ^x the 
mother-oi^pearl to a goniometer with a cement of resin and 
bees'-wax ; and upon removing k, I was surprised to see the 
vhole surface of me wax diining with the prismatic colors #' 
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the motfaer-of-pearl. I at first thought that a small film of the 
substance had been left upon the wax; but this was soon 
fi)und to be a mistake, and it became manifest that the mother- 
of-pearl refiJly impressed upon the cement its own power of 
producing the colored spectra. When the unpolished mother- 
of-pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished sur&ce was used, it gave 
both A and B: but the nebulous image M was never exhibited 
by the wax. The images seen in the wax are always on the 
opposite side of C, from what they are in the surface that is 
impressed upon it. 

The colors of mother-of-pearl, as communicated to a soft 
surfiice, may be best seen by using black wax ; but I have 
transferred them al^ to balsam of Tolu,. realgar, fusible 
metal, and to clean surfaces of lead and tin by hard pressure, 
or the blow of a hammer. A solution of gum arabic or of 
isinglass, when allowed to indurate upon a surface of mother- 
o&pearl, takes a most perfect impression from it, and exhibits 
all the communicable colors in the finest manner, when seen 
either by reflexion or transmission. By placing the isinglass 
between two finely polished surfaces of good specimens of 
mother-of-pearl, we eliall obtain a film of artificial mother-o& 
pearl, which when seen by single lights, such. as that of a 
candle, or by an aperture in the window, will shine with the 
br^htest hues. 

If, in this experiment, we could make, the grooves of the 
one surfece of mother-of-pearl exactly parallel to the grooves 
in the other, as in the shell itself, the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen through the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion from the second surface of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configuration 
of surface, which, like a seal, can convey a reverse impres- 
sion of itself to any substance capable of receiving it By 
examining this surface with microscopes, I discovered in 
almost every specimen a grooved structure, like the delicate 
texture of ^e skin at the top of an infant's finger, or like the 
section c^the annual growths of wood, as SQen upon a dressed 
plank of fir. These may sometimes be seefl'by the naked eye, 
bat they are often -so minute that 3000 of them are contained 
in an inch. The direction of the grooves is always at right 
angles to the line M A C B, Jig, 62. ; and hence in irregularly 
%raied mother-of-pearl, where the grooves are often circular. 
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and having every possible direction, the colored images A, B 
are irr^ularly scattered round the common image C. If the 
grooves were, accordingly, circular, the series of prismatic 
images, A B, would form a prismatic ring round C, provided 
the grooves retained the same distance. The general distance 
of the grooves is from the 200th to the 6000th of an inch, and 
the distance of the prismatic images from C increases as the 
grooves become closer. In a specimen with 2500 in an inch, 
the distance A C was 3° 41' ; and in a specimen of about 
5000 it was about 7° 22'. 

These grooves are obviously the sections of all the eon- 
centric strata of the shelL When we use the actual surface 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicateg 
none of its colors to wax, and why it shines with that delicate 
white light which gives it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, which 
Sir Everard Home conceives to be one of the ova of tiie fish. 
None of the edges of its strata are visible, and as the strata 
have parallel sur&ces, the moss of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
mother-of-pearl it is reflected from surfeces of the strata, in- 
clined to the general surface of the specimen which reflects 
the image C. The mixture of all these diffuse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
too blue or too pink, one or other of these colors has pre- 
dominated. If we make an oblique section of a pearl, sp as 
to exhibit a sufficient number of concentric strata, with their , 
edges tolerably close, we should observe all the conunuuicable 
colors of mother-of-pearl.* 

These phenomena may be observed in many other shells 
besides that of the pearl-oyster ; and in every case we may 
distinguish communicable from incommunicable colors^, by 
placing a film of fluid or cement between the surface and a 
plate of glass. The communicable colors will all disappear 
from the filling up of the grooves, and the incommunicable 
colors will be rendered more brilliant 

(81.) Mr. Herschel has discovered in very thin plates of 
mother-of-pearl another pair of nebulous prismatic images, 
more distant from C than A and B, and also a pair of fiimter 
nebulous images, the line joining which is always at right 

* See Edinburgh Journal of Seiene$, No. XII., p. S77. 
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angles to the line joining the first pair.* These images are 
seen by looking through a thin piece of mother-of-pearl, cut 
parallel to the natural sur&ce of the shell, and between the 
70th and the 300dth of an inch thick. They are much larger 
than A and B; and Mr. Herschel found that the line joining 
them was always perpendicular to a veined structure which 
goes through its substance. The distance of the red part of 
9ie image from C was found to be 16° 29', and the veins 
which produced these colors were so small that 3700 of them 
were contained in an inch. . We have represented them in 
^. 63. as crossing the ordinary grooves which give the com- 
municate colors. Mr. Herschel describes them as crossing 

' Fig. 63. 




these grooves at all angles, ^ giving the whole sur&ce much 
the appearance of a piece of twillS silk, or the larger waves 
of the sea intersected with minute ripplings." The second 
pair of nebulous images seen by transmission must arise from 
a veined structure exactly perpendicular to the first, though 
the structure has not yet been recognized by the microscope. 
The structure which produces the lightest pair Mr. Herschel 
has found to be in all cases coincident with the plane passing 
through the centres of the two systems of pdarized rings. 

The principle of the production of color by grooved sur- 
faces, and of the coramunicability of these colors by pressure 
to various substances, has been happily applied to llie arts by 
John Barton, Esq. By means of a delicate engine, operating 
by a screw of the -most accurate workmanship, he has suc- 
ceeded in cutting grooves upon steel at the distance of from 

* In a epecimen now before us, the line joining the two fointes^ nebuloiu 
images is at right angles to the line joining A and B. 
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the 2000th to the 10,000th of an inch. These lines are cut 
with the point of a diamond ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
mother-of-pearl we see only one prismatic ima^, A, en each 
side of the common ima^, C, of the candle, m the grooved 
steel surfaces 6, 7, or 8 prismatic images are seen, consisting 
of spectra, as perfect as those produced by the finest prisms. 
Nothing in nature or in art can surpass this briUiant dirolay 
of colors; and Mr. Barton conceived the idea of forming but- 
tons for gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, and 
shining in the light of candles or lamps with all the hues of 
the spectrum. To these he gave the appropriate name of Iri» 
ornaments. In forming the buttons, the patterns were drawn 
on steel dies, and these, when duly hardened, were used to 
stamp their impressions upon polished buttons of brassL In 
day-li^ht the colors on these buttons are not easily distinguish- 
ed, uiSess when the surface reflects the margin of a daik ob- 
ject seen against a light one ; but in the light of the sun, and 
that of gas-flame or candles, these colors are scarcely if at all 
surpassed by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, isinglass, tin, lead, and other substances; and 
by indurating thin transparent films of isinglass between two 
of these grooved surfiices, covered with lines lying in all di- 
rections, we obtain a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by pome of 
the finest specimens of Mr. Barton^s skil], which he had the 
kindness to execute for this purpose, I have been led to the 
observation of several curious properties of light In mother- 
of-pearl, well polished, the central image, C, of the candle or 
luminous object is always white, as we should expect it to be, 
in consequence of being reflected from the flat and polished 
sur&ces between the grooves. In like manner, in many 
specimens of grooved steel the una^ C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
image A, which is nearest C, being the least dispersed, and 
all the rest m succession more and more dispersed, as if they 
were formed by prisnls of greater and greater dispersive 
powers, or greater and greater refiractin^ angles. These spec- 
tra contain the fixed lines and ail the prismatic colors; but the 
red or least refrangible spaces are gr^tly expanded^ and the 
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vici^ or most refrangible spaces greatly contracted^ even more 
than in the spectra produced by sulphuric acid. 

In examining^ some of these i»ismatic images which seemed 
to be defective in particular rays, I was surprised to find that, 
in the specimens which produced them, the image C reflected 
from the polished original surface of the steel was itself 
slightly colored ; that its tint varied with the angle of inci- 
dence, and had some relation to the defalcation of color in the 
prismatic images. In order to observe these phenomena 
through a great range of incidence, I substituted for the can- 
dle a long narrow rectangular aperture, formed by nearly 
closing the windownshutters, and I then saw at one view the 
state m the ordinary image and all the prismatic images. In 
order to understand this, let A B, Jig, 64» be the ordinary 
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image of the aperture reflected from the flat surface of the 
gteel which lies between the grooves, and a b, a' b\ a" ft", &c., 
the prismatic images on each side of it, every one of these 
images forming a complete spectrum M^th all its different 
colors. The image A B was crossed in a direction perpen- 
dicular to its length with broad colored fringes, varying in 
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their tints from 0^ to 90^ of incidence. In a specimen with 
1000 grooves in an inch, the following were the oqIori dis- 
tinctly seen at different angles of mcidence: — 



White 

Yellow . - - - 

Reddish orange - - 

Pink 

Junction of pink and 

blue - - - 
Brilliant blue - - 
Whitish - . - . 
Yellow . . - - 

Pink 

Junction of pink and 

blue - - - 



▲■Kla ar iDddeace. 



9(y> 0' 

80 30 
77 30 
76 20 


75 40 


74 30 
71 
64 45 
59 45 



58 10 



Blue - - ■ 
Bluish ^ea 
Yellowish green 
Whitish green 
Whitish yellow 
Yellow . . 
Pinkish vellow 
Pink red '^- - 
Whitish pink 
Green - - 
Yellow - - 
Reddish - - 




These colors are those of the reflected rmcs in thin plates. 
If we turn the steel plate round in azipiuth, the very same 
colors appear at the same angle of incidence, and they tuffer 
no change either by varying the distance of the steel pkUe 
from the luminous aperture, or the distance of the eye qfthe 
observer from the grooves. 

In the preceding table there are four orders of colors ; but 
in some specimens there are only three, in others two, m 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves in an inch gave 
only the yellow of the first order through the whole qua£ant 
of incidence. A specimen of 1000 grooves gave only one 
complete order, with a portion of the next A specimen of 
3333 grooves gave only the yellow of the first order. A spe- 
cimen of 5000 gave a little more than one order ; and a spe- 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

In jfig, 64. we have represented the portion of the quadrant 
of incidence irom about 22° to 76°. In the first spectrum, 
ababf wis the violet side of it, and r r the red side of it, 
and between these are arranged all the other colors. At m, 
at an incidence of 74°, the videt light is obliterated firom the 
spectrum a b ; and at n, at an incidence of 66°, the red rays 
are obliterated ; the intermediate colors, blue, greenj &c., being 
' obliterated at intermediate points between m and n. In the 
second spectrum, a' b* a' b\ the violet rays are obliterated at 
m' at an incidence of 66°^ 20\ and the red at n' at an inci- 
dence of 56°. In the third spectrum, a" b" a"b'\ the violet 
lays are oUiterated at m" at 57°, and the red at n" at 41^ 
K 
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35'; and in the fourth spectram, the violet rays are oUitr 
erated at m'" at 48^ and the red at n'" at 23^ dCK'. A simi- 
lar succession of obliterated tints takes place on all the pris- 
matic images at a lesser incidence, as shown 9.tnv,n'v'; the 
violet being obliterated at /i and ^', and the red at v and ^, and 
the intermediate colors at intermediate points. In this 
second succession the line fiv begins and ends at the same 
angle of incidence as the line m" n" in the third prismatic 
image a" b", and the line /i' i/ in the second prismatic image 
corresponds with m'" n'" on the fourth prismatic image. In 
all these cases, the tints obliterated in the direction mn ftv^ 
&.C., would, if restored, form a complete prismatic spectrum 
whose length is m n ft v, &c. 

Considering the ordinary image as white, a similar oblitera- 
tion of tints takes place upon it. The violet is obliterated at 
o about 76°, leaving pink^ or what the violet wants of white 
light ; and the red is obliterated at p at 74°, leaving a bright 
blue. The violet is obliterated at q and «, and the red at r 
and t, as may be inferred from the preceding Table of colors. 

The analysis of these curious and apparently complicated 
phenomena becomes very simple when they are examined by 
homogeneous light. The effect produced on red light is re- 
presented in Jig. 65., where A B is the image of the narrow 
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aperture reflected from the original 
surface of the steel, and the fimr images 
on each side (rf* it correspond with the 
prismatic images. All these nine 
maages, however, consist of homogene- 
ous red light, which is obliterate, or 
nearly so, at the fifteen shaded rectan- 
gles, which are the minima of the new 
series of periodical colors which cross 
both the ordinary and the lateral Images. 
The centres jp, r, t, n, ». &c., of these 
rectangles correspond with the points 
marked with the same letters in Jig-, 
64.; and if we had drawn the same 
figure for violet light, the centres of 
the rectangles would have been all 
higher up in the fi^re, and would 
have corresponded with o, q, s, nu f«> 
&c. in fig, 64. The rectangles should 
have been shaded off to represent the 
phenomena accurately, but the only 
object of the fi^e is to show to 
the e^re the position and relations of 
the minima. 
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If "9^6 cover the surface <€ the grooved steel with % fluid, 
S90 as to diminish the refractive power of the sui&ce, we de- 
velope more orders of colors on the ordinary image, and a 
greater number o^' minima on the lateral images, higher tints 
Being produced at a given incidence. But, what is very re- 
markable, in grooved surfaces when the ordinary image is 
perfectly white, and when tihe spectra are ^complete without 
any d)literation of tints, the Application of fluids to the 
grooved -surface developes colors on the ordinary image, and a 
cotrresponding obliteration of tints on the lateral images. The 
following Ts&e contains a few of the results ieh;tive to the 
ordinary image : — 



M amber of 

KrcMiven in 

IB ini'h. 


Maximum l\tH 
without a fluid. 


Maxlnam am wtth teite. 


312. 
3333 


Perfectly white. 

( Gamboge yellow 
\ of the nrst order. 


( 1. Water, tinge of yellow. 

\ 2. Alcohol, tinge of yellow. 

i a Oil of casBia, faint reddish yellow. 

r 1. Water, pinkish red (first ^raer). 

1 2. Alcohol, reddish pink. 

i 3. OU of cassia, bright blae (second 

[^ order). 



Phenomena analogous to those above described take place 
upon the grooved surfaces of goU^ fUver, and calcareout 
spar ; and upon the surftces of tin, itinglass, realgar^ &c., 
to which the grooves have been transferred from steeL For 
an account of the phenomena exhibited by several of these 
substances, I must refer the reader to the original memoir in 
the Philosophical Transactions for 1829. 



CHAP. XV, 

ON FITS OF REFLEXION AND TRANSMISSION, AND ON THE 
INTERFERENCE OF LIGHT. 

(83.) In the preceding chapters we have described a very 
extensive class of phenomena, all of which seem to have the 
same origin. From his experiments on the colors of thin and 
of thick plates, Newton inferred that they were produced by 
a singular property of the particles of light, in virtue of 
which they possess, at different points of Sieir path, fits or 
dispositions to be reflected from or transmitted by transparent 
bodies. Sir Isaac does not pretend to explain the origin at 
these fits, or the cause which produces them ; but we may 
fivjB a tolerable idea of them by supposing that each particle 
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of ligh^ after its discharge from a luminous body, revolves 
round an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of its motion an attractive 
and a repulsive pole, in virtue of which it will be refracted if 
the attractive pole is nearest any refracting surface on which 
it falls, and reflected if the repulsive pole is nearest that sur- 
ftce. The disposition to be refracted and reflected will of 
course increase and diminish as the distance of either pole 
from the surface of the body is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by sup- 
posing a body with a sharp and a blunt end passmg tlirough 
space, and successively presenting its sharp and blunt ends to 
the line of its motion. When the sharp end encounters any 
flofl body put in its way, it will penetrate it; but when the 
l>luiifc end encounters the same body, it will be reflected or 
^ven back. '-'' 

To explain this more clearly, let R,^fl^. 66.^ be a ray of 
lifirht &llui£r upon a re&acting surface M N, and transmitted 
by that suriace. It is clear that it must 
have met the sur&ce M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactly at its 
fit of transmission, or a little from it, it is 
put, by the action of the surface, into the 
same state as if it had begun its fit of trans- 
mission at t Let us suppose that, afler it 
has moved throUg^h a ^)ace equal to ^ r, its 
fit of reflexion taJces place, the fit of trans- 
t'\^ mission always recommencing at 1 1', &c. 

aijkd that of reflexion at r r', &c. ; then it is obvious, that if 
the ray meets a second transparent surface at 1 1', &c., it will 
be transmitted, and if it meets it at r r', &c., it will be reflected. 
The spaces 1 1\ 1 1" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces 1 1\ r r', &c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
first surface of a body, the ray will be transmitted if the 
thickness of the body is 1 1', 1 1", &c. ; that is, tt',2t V, 3 1 1', 
4 tt', or any multiple whatever of the interval of a fit of easy 
transmission. In like manner the ray will be reflected if the 
thickness of the body is « r, *r' ; or, since t V is equal to r r*, 
if the thickness of the body \&\ti\ \\i t\ 2\ 1 1', 3^ t V. 
If the body M N, therefore, had parallel surfaces, and if the 
eye were placed above it so as to receive the ra)rs reflected 
perpendicularly, it would, in every case, see the surface M N 
by the portion of light uniformly reflected from tlrnt surface ; 
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but when the thickness of the body was 1 1\ 2 1 1', 3 f f, 4 / 1\ 
or 1000 1 1', the eye would receive no rays firom the second 
surface, because tkey are all transmitted ; and in like manner, 
if tbe tliickness was 1 1 1\ li tr,2lt t\ or 1000^ 1 1\ the eye 
would receive aU the light reflected from the second surface, 
because it is all reflected. When this reflected light meets 
the first surface M N, on its way to the eye, it is all trans- 
mitted, because it is then in its fit of transmission. Hence* 
in the first case, the eye receives no light from the sectmd 
surface, and in the second case, it receives all the light from 
the second surface. If the body had intermediate thicknesses 
between t V and 2 1 1\ &c., as ltt\ then a portion of the 
light would be reflected from the second surface, increasing 
as the thickness increased from tV tx^l^t t\ and diminishing 
again as the thickness increased from l^tt* io2 ft'. 

But let us now suppose that the plate whose surfiice is MN 
is unequally thick, like the plate of air between the two 
lenses, or a film of blown glass. Let it have its thickness 
varying like a wedge M N V,fig, 67. Let 1 1\ rr' be the in- 
tervals oi the fits, and let the eye be placed above the we ~ 
as before. It is quite clear that near the point N the J' 
that falls upon the second surface N P will be all transmiti 
it is in a fit of transmission ; but at the thickness t r the light 
R will be reflected by the second surface, because it is then 
in its fit of reflexion. In like manner the light will be trans- 
mitted at t't again reflected at r', and again transmitted at t" ; 
so that the eye above M N will see a series of dark and 
luminous bands, the middle of the dark ones being at N^.t!, t" 
in the line N P, and of the luminous ones at r, r\ &c. in the 




same line. Let us suppose that iJie figure is waited to red 
homogeneous light, 1 1' bemg the interval of a fit for that 
species of rays; then in violet light, V, the interval of the fits 
will be less, as rf. If we therefore use violet light, the ia- 
K2 
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terval of whose iits is rp, a smaller series of vioiet and 06- 
$cure bands or fringes will be seen, whose obscurest points 
are W N,V,V, &c., and whose brightest fwints are at p,'fy 
&c. In like manner, with the intermediate cdors of the 
spectrum, bands of intermediate magnitudes will be formed, 
luivinff their obscurest points between / and t', r" and f'^ and 
their orightest points between p and r, p' and r', &c. ; and 
when white light is used, all these difierently colored bands 
wiii be seen forming fringes of the different orders of colors 

gives in the TaUe in page 93. If M N P, in place of being 
le section of a prism, were the section of one half of a> 
plano-coneaVe lens, whose centre is N, and whose concave sur- 
&ce has an oblique direction somewhat like N P, the direction 
cf the colored bands will always be perpendicular to the 
radftis N M, or will be regular circles. For the same reaswi, 
the colored bands are circular in the concave lens of air be- 
tween the object glasses ; the same colors always appearing 
at the same thickness of the medium, or at the same distance 
fran ,the centre. 

Bv the same means Sir Isaac Newton explained the colors 
of thick plates, with this difference, that the fringes are not 
JA that case produced by the light regularly refracted and re- 
flected at the two surfaces of the concave mirror, but by the 
light irregularly scattered by the first surface of the mirror 
in consequence of its imperfect polish ; for, as he observes, 
*** there is no fflass or speculum, how well soever polished, but, 
besides the Tight which it refracts and reflects regularly, 
jswatters every way irregularly a faint light, by means of 
whioh the perished surface, when illuminated in a dark room 
hj a beam of the sun's light, may be easily eeen in all posi- 
tions of the eye." 

The same theory of fits affords a ready explanation of the 
j^enomena of double and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however, to which it is not equally applicable ; and 
'it has accordingly been, in a great measure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes within the 
ehadows of bodies as formed by inflexion, Dr. Young found 
that when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
fig^ 56., go as to intercept all the light op that side by receiv- 
ing the edge of the shadow on the screen, then all the fringes 
hk the shadow constantly disappeared, although the light still 
passed by the other edge of the body as hSSore, Hence he 
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toncluded that the light which passed on both sides was ne^ 
cessaiy to the production of tlie fringes ; a concluaon which 
he might have deduced also from the known fact, that when 
the bwly was above a certain sifee, fringes never appeared in 
its shadow. In reasoning upon this conclusion, Dr. Young 
was led to the opinion, that the fringes within the shadow 
Were produced by the interference of the rays bent into the 
shadow by one Me of the body B loith the rays bent into the 
shadow by the other side. 

In order to explain the law of iitterference indicated in this 
experiment, let us suppose two pencils of light to radiate from 
two points very close to each other, and that this light falls 
upon the same spot of a piece of paper held parallel to the 
line joining the points, so that the spot is directiy opposite the 
point which bisects the distance between the two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
another. The spot will, therefore, be illuminatal with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot on 
the paper being equally distant from both the radiant points. 
Now, it has been found tliat when there is a certain minute 
difference between the lengths of the paths of the two pencils 
of light, the spot upon the paper where the two lights inter- 
fere IS still a bright spot illuminated by the sum of the two 
lights. If we call this difference in th6 lengths of their paths 
d, bright spots will be formed by the interference of the two 
pencils when the differences in the lengths of the paths are 
d,2 d,S d,4: d, Sic. All this is nothing more than what is 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is | «?, 1| dJ, 2| d, 3^ d, &c. instead of adding to one 
another's intensity, and producing an illumination equal to the 
sum of their lights, they destroy each other, and produce a 
dark spot. This curious property is analogous to the beating 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the effect of the two sounds is equal 
to the sum of^ their separate intensities, corresponding to the 
luminous spots or fringfes where the effect of the two lights is 
equal to the sum of their separate intensities, and the cessa* 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots or fringes where 
^Q two lights produce darknesa 
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Bjr the aid of this doctrine the phenomena of the inflearion 
of li^ht, and those of thin and thick plateS) may be well ex- 
I^ned. With regard to the interior fringes, or those in the 
shadow, it is clear that as the middle of the shadow is equally 
distant firom the ed^es of the inflecting body B, Jig. 56., there 
will be no difference in the length of the paths or the pencils 
cominjBT from each side of the body, and consequently along 
the middle of the whole length of every narrow shadow there 
should be a white stripe illuminated with the sum of the two 
inflected pencils ; but at a point at such a distance from the 
centre of the shadow that the difference of the two paths of 
the pencil from each side of the body is equal to ^ i2, the two 
pencils will destroy -each other, and give a dark stnpe. Hence 
there will be a dark stripe on each «ide'of the central bright 
one. ' Jn like manner it may be shown, that at a point at such 
a distance from the centre of the shadow that tne difference 
in the lengths of the paths is 2dyZd, there will be bright 
stripes ; aiS at intermediate points, where the difference in 
the lengths of the paths is 1^ i2, 2^ 4 ^ere will be dark 
stripes.* 

In order to explain the origin of the external fringes, both 
Dr. Young and M. Fresnel ascribed them to the interference 
of the direct piys with other rays reflected from the margin 
of the inflectinfif body ; but M. Fresnel has found that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufficiency of the explanation, even 
if such reflected rays did exist He therefore ascribes the ex- 
ternal fringes to the interference of the direct rays with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected from the 
second surface of the plate interferes with the light reflected 
from the first, and as these two pencils of light come from dif^ 
ferent points of space, thev must reach the eye with different 
iengtha of paths. Hence they will, by their interference, &rm 
luminous fringes when the difference of the paths is d, 2 d^ 
3 12, &c., and obscure fringes when that difference is H lid, 
2irf,3Jd,&c. • * ' 

In accounting for the colors of thick plates observed by 
Newton, the light scattered irregularly from every point of 
the first surface of the concave mirror fiills divergmg on the 

* See Jfote No. V., bj Am. ed., foUowiof the author's Appendix. 
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second sur&ce, and being reflected from this BOT&ce in lines 
diverging from a point behind, they will suffer r^raction in 
coming out of the first sur&ce of the mirror, being made to 
diverge as if from a point still nearer the mirror, but behind 
its surface. From this last point, therefore, the screen M N, 
in fig, 60., is illuminated by the rays originaUv scattered on 
entering the first surfiice. But when the regularly reflected 
light, aner reflexicHi from the second surface, emerges from 
the first, it will be scattered irregularly firom each point on 
that sui^e, and radiating from these points will illuminate 
the paper screen M N. Every point, therefore, in the paper 
screen is illuminatec^ by two kinds of scattered light, the one 
radiating from each point of the first surface, and the other 
from points behind the second surface ; and hence bright and 
obscure bands will be formed when the differences of the 
lengths of their paths are sueh as have been already de- 
.scribed. 

The colors of two equally thick and inclined plates are also 
explicable by the law of interference. Although the light re* 
fleeted by the different surfaces of the plate emerges parallel 
as shown in fig, 61., yet in ccmsequence of the inclination k£ 
the plates it reaches the eye by paths of different lengths. 

The colors of fine fibres, of minute particles, of nloUled and 
striated surfaces, and of equidistant parallel lines, Auiy be all 
referred to the interference of different portions of light 
reaching the eye by paths of different lengths ; and though 
some dmSculties still exist in the application of the doctrine to 
particular phenomena that have not been su£cientl}^ studied, 
yet there can be no doubt that these difficulties will be re- 
moved by closer investigation. 

As all the phenomena of interference are dependent upon 
the quantity i2, it becomes interesting to ascertain its exact 
magnitude for the differently colored rays, and, if possible, to 
trace its origin to S(»ne primary cause. It is obvious, as 
Fraunhofer bis remarked, that this quantity (2 is a real abso- 
lute magnitude, and whatever meaning we may attach to it, 
it is demonstrable that one half of it, in reference to the phe- 
, nomena produced by it, is opposed in its properties to the other 
half; so that if the anterior half combines accurately with 
the posterior hal( or interferes with it in this manner under a 
£mall angle, the effect which would have been produced by 
aach separately is destroyed, whereas the same e^ct is 
doubled if two anterior or two posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(84) In the Newtonian theory of light, or the theory of 
amission* as it is called* in which light is supposed to consist 
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of material particles emitted by luminous bodies, and movingf 
through space with a velocity of 192,000 miles in a seeond, 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the imdulator^ theory it is 
equal to the breadth of an undulation or wave of light 

In the undulatory theory, an exceedingly thin imd elastic 
medium, called ether, is supposed to fill ail space, and to oc- 
cupy the intervals between the particles of all material bodies. . 
The ether must be so extremely rare as to p^resent no appre- 
ciable resistance to the planetary bodies which move freely 
through it 

The particles of this ether are« like those of air, capable of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated through 
it in all directions. Within refiracting media it is less elastic 
than in vacuo^ ai|d its elasticity is less in proportion to the re- 
fractive power of the body. 

When any vibraticxis or undulations are propagated through 
this ether, and reach the nerves of the retina, they excite the 
sensation of light, in the same manner as the sensation of 
sound is excit^ in the nerves of the ear by the vibrations of 
the air. 

DifTerei^ces of color are supposed to arise hom diJSferences 
in the frequency of the etherial undulations ; red being {nro- 
duced-by a much mnaller number of undulations in a given 
time than bluCf and intermediate colors by intermediate num- 
bers of undulationa 

Each of these two theories of light is beset with difficulties 
peculiar to itself; but the theory of undulations has made 
great progress in modem times, and derives such powerful 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers. 

In a work like this it would be in vam to attempt to give 
a particular accoimt of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undula- 
tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced ; whereas, 
when the elevations of tlie one coincide with the depressions 
of the other, both systems of waves will be totally destroved. 
** The spring and neap tides," says Dr. Young, "derived from 
the combination of the simple soli-lunar tides, affinrd a mag- 
nificent example of the interference of two immense waves 
witii eadi other ; the spring tide being the joint result of the 
combination when they coincide in time and place, and tho 
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neap tide where they succeed each other at the distance of 
hall an interval, so as to leave the efiect of their difierence 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modificar 
lion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether supe^rseded on 
account of the diflerent lengths of the two channels by which 
the tides arrive, afbrding exactly the half interval which 
causes the disappearance of the alternation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of sta^ant water, that the circles of waves which 
they occasion obliterate each other, and leave the surface of 
the water smooth in certain lines of a hyperbolic fiwm, while 
in other neighboring parts the sur&ce exhibits the agitation 
belonging to both series united.*' 

The Mowing Table given by Mr. ^lerschel contains the 
principal data of the undulatory theory : — 



Colon tf the ByMtna. 


Leigtb* or u On- 
duteUon in fmitM 


Namter of 
Vadalitiow 


KuntoorUndnkUo.1.. 




«tf an Inch in air. 


in to Inch. 


BMOM.* 


Extreme red . 


Q*0000266 


37640 


458,000000,000000 


Red . . . 


0-0000256 


39180 


477,000000,000000 


Intermediate . 


0-0000246 


40720 


495,000000,000000 


Orange . . 


0-0000240 


41610 


506,000000,000000 


Intermediate . 


0-0000235 


42510 


517,000000,000000 


YeUow. . 


0-0000227 


44000 


535,000000,000000 


Intermediate . 


0-0000219 


4$600 


555,000000,000000 


Green 


0-0000211 


47460 


577,000000,000000 


Intermediate . 


0-0000203 


49320 


600,000000,000000 


Blue . . . 


0-0000196 


51110 


622,000000,000000 


Intermediate . 


0-0000189 


52910 


644,0OO00CL0OOOOO 
658,000000,000000 


Indigo . . 


0-0000185 


54070 


Intermediate . 


0-0000181 


55240 


672,000000,000000 


Violet . . 


0-0000174 


57490 


699,000000,000000 


Extreme violet 


0-0000167 


59750 


727,000000,000000 



"Prom this Table," says Mr. Herschel, **we see that the 
sensibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1*56 : 1, and therefore less than an octave, and about 
equtl to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopt, these periods and these spaces have a real 
existence^ being in fact deduced by Newton from durect mea- 
surements, and involving nothing hypothetical but the names 
here given them." 

* Taking the velocity of light at 193,000 railet per second. 
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CHAP. XVL 

ON THB.ABBOBFnON OV |JOHT« 

(85.) One of the most curious properties of bodies in their 
action upon light, and one which we are persuaded will yet 
perform a most important part in the explanation of optical 
phenomeim, and become a ready instrument in optical re- 
searches, is their power of absorbing light Even the most 
transparent bodies in nature, air and water, when in sufficient 
thickness, are capable of absorbing a great quantity of li^ht. 
On the summit of the highest mountains, where their light 
has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in tilie plams below ; 
and through great d^ths of water objects become almost in- 
visible. The absorptive power of air is finely displaved in 
the color of the morning and evening clouds ; and that of 
water in the red color of the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one cl^ of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration :-^ 



Charcoal. 

Coal of all kinda 

Metals in general 

Silver. ' 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rock cry staL 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gases. 



Although charcoal is the most absorptive ci all bodies, yet, 
when it exists in a minutely divided state, as in some of the 
gases and flames, or in a particular state of aggregation, as in 
the diamond, it is highly transparent In Eke manner, all 
metals are transparent in a state of solution ; and even sUver 
and gold, when beaten into thin films, are translucent, the 
former transmitting a beautiful blue, and the latter a beautifu) 
green light* 

* See Note No. VI. of Am. ed., in tbe no^s followinf tlw auUior'* 
Appendix. 
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. Philosophers have not yet ascertained the nature of the 
power by which bodies absorb lig^t Some have thought 
that the particles of li^ht are reflected in all directions by the 
particles of the absorbing body, or turned aside by the forces 
resident in the particles ; while others are of opini(m that 
they are detained by the body, and assimilated to its sub- 
stance. If the particles of light were reflected or merely 
turned out of their direction by the action of the particles, it 
seems to be quite demonstrable, that a portion of the most 
opaque matter, such as charcoal, would, when exposed to a 
strong beam of light, become actually phosphorescent during 
its illumination, or would at least appear white ; but as all the 
light which enters it is never again visible, we must believe, 
till we have evidence of the contrary, that the light is actu- 
ally stopped by the particles of the body, and remains within 
it m the form of imponderable matter. 

Some idea may be formed of the law according to Which a 
body absorbs light, by supposing it to consist of a given num* 
ber of equally thin plates, at the refracting surfiwies of which 
there is no light lost by reflexion. If the first plate has the 
power of ab^rbing ^th of the light which enters it, or 100 
rays out of 1000 ; Sien -^ths of the original light, or 900 rays, 
will fall upon the second plate ; and ^jyth of these, or 90, be- 
ing absorbed, 810 will fall upon the third plate, and so on. 
Hence it is obvious that the quantity of light transmitt^ by 
any number of films is equal to the light transmitted through 
one film multiplied as often into itself as there are films 
Thus, since 900 out of 1000 rays are transmitted by one film 
^X^xAequal tof^, or 729 rays, will be the quantity 
transmitted by three nlms ; and therefore the quantity absorb- 
ed will be 271 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
of the spectrum in equaJ proportions. While certain clouds 
absorb th& blue rays and transmit the red, there are others 
that absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen through them perfectly white* 
Ink diluted is a fine example of a fluid which absorbs all the 
colored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtaining a white ima^e of the sun. Black pleon- 
aste and obsidian aflbrd examples of solid substances which 
absorb all the colors of the spectrum proportionally. 

(86.) All colored transparent bodies, however, whether 
solid or fluid, do not necessarily absorb the colors proportion- 
ally ; for it is only in consequence of an unequal absorption 
that they could appear colored by transmitted light. In order 

Li 
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to exhibit tiiifl afaaorptive power, take a thick piece of the blue 
glass that is used for finger glasses, and which is sometimes 
met with in cylindrical rods of about -^ths of on mch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is better, of a narrow 
rectangular aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
Through the thinnest edge the spectrum will be seen nearly 
as complete as before the interposition of the wedge ; but as we 
look at it through greater and greater thicknesses, we shall 
see particular parts or coIots of the spectrum become fidnter 
and fainter, and gradually disappear, while others suffer but a 
slight diminution of their iHrightness. When the thickness is 
about the twentieth part of an mch, the spectrum will hav^ 
the appearance shown in fig, 68., where the middle K of the 
red space is entirely absorbed, the inner red that is left is 
weakened in intensity ; the orange is entirely absorbed ; the 
yellow Y is left ahnost insulated ; the green G on the side of 
Fig. 68. ^^ yellow is very much absorbed; 

and a slight absorption takes {daee 

I 1 1 11 along the green and blue space. At 

I 1 III Bil I a greater thickness still, the inner 

^^ ^ ^^ red diminishes rapidly, and also the 

yellow, green, and blue ; till, at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and the violet \, as 
shown in fig. 09. As the red li^tR has much greater in- 
^/.69. tensity than the videt, the glass 

has at this thickness the appearance 
of being a red glass; whereas at 
small thicknesses it had the appear- 
ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of abson>» 
tion, a very remarkable phenomenon may be exhibited. If 
we look through the blue glass so as to*see the spectrum in 
fig, 09., and then look at &is spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rays 
at R and V, the two sutetances thus combined will be ab8i> 
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lutely opaque, and not a ray of lig^t will reach the eye. The 
effect is perhaps more striking 3^ we* look at a bright whjj;e 
object through the two media together. 

(87.) In attempting to ascertain the influence of heat on 
the absorbing power of colored media, I ^yas surprised to ob- 
serve that it produced opposite effects upon different glasses, 
diminishing' the absorbing power in some and increasing it 
in others. Having brought to a red heat a piece of purple 
glass, that absorb^ the greater part of the green, the yellow, 
and the interior or most refrangible red, I held it before a 
strong light; and when its red heat had disappeared, I ob- 
serve that the transparency of the glass was increased, and 
that it transmitted freely the green, the yellow, and the 
interiSr red, all of which it had formerly, in a great measure, 
absorbed. This effect, however, gradually disappeared, and 
it recovered its former absorbent power, when completely 
cold. 

When yellowish-green glass was heated in a similar man- 
ner, it, lost its transparency almost entirely. In recovering its 
green color, it passed through various shades of olive green ; 
but its tint, when cold, continued less green than it was be- 
fore the experiment A part of the glass had received in 
cooling a polarizing structure, and this part could be easily 
distinguished from the other part by a difference of tint*-*" 

A plate of deep red glass, which gave a homogeneous red 
image of the candle, became very opaque when heated, and 
scarcely transmitted the light of the candle after its red heat 
had subsided. It recover^, however, ifa transparency to a 
certain degree ; but when cold, it was more opaque than the 
piece from which it was broken. I have observed analogous 
phenomena in mineral bodies. Certain specimens of topaz 
have their absorbing power permanently changed by heat. 
In subjecting the Balas ruby to high degrees of heat, I ob- 
served that its red color changed into green, which gradually 
faded into brown as the cooling advanced, and resumed by 
degrees its original red color. In like manner, M. Berzelius 
ob^rved the spinelle to become brown by heat, then to grow 
opaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable change 
of absorbent power is exhibited by heating very considerably, 
but so as not to inflame it, a plate of yellow native orpiment, 
which absorbs the violet and blue rays. The heat renders it 
almost blood red, in consequence of its now absorbing the 
greater part of the green and yellow rays. It resumes its 
former color, however, by cooling. A still more striking 
affect may be produced with pure phosphorus, which is of a 
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slightly yellow color, transmittiDff freely almost all the color- 
ed-niys. When melted, and suddenly cooled, it acquired the 
power of absorbing all the colors of the spectrum at thick- 
nesses at which it formerly transmitted them alL The black- 
ness produced upon pure phosphorus was first observed by 
Thenard. Mr. Faraday observed, that glass tinged purple 
with manganese had its absorptive power altered by the mere 
transmission through it of the solar rays. 
. By the method above described of absorbing particular 
colors in the ^ctrum, I was led to propose a new method of 
analyzing white light The experiments with the blue glass 
incontestably prove that the orange and green colors in solar 
light are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorj^n, by 
which we may exhibit alone the red part of me orange and 
the blue part of the green, or the yellow part of the orange 
and the yellow part of the green ; and, by submitting the 
other colors of the spectrum to the scrutiny of absorb^it 
media, I was led to the conclusions respecting the spectrum 
which are explained in Chapter VIL 

We have already seen that in the solar spectrum, as de- 
scribed by Fraunhofer, there are dark lines, bs if rays of par- 
ficular refrangibilities had been absorbed in their course from 
the-^un to the earth. The absorption is not likely to have 
taken nlace in our atmosphere, otherwise the same lines 
would have been wanting in the spectra from the fixed stars, 
and the rays of solar light reflected from the moon and planets 
would probably have been modified by their atmospheres. 
But as this is not the case, it is probable that the rays which 
are wanting in the spectrum have been absorbed by the sun's 
atmosphere, as Mr. Herschel has supposed. 

(88.) Connected with the preceding phenomena is the sub- 
ject of colored flames, which, when examined by a prism, 
exhibit Eqpectra deficient in particular rays, and resembling 
the eolar spectrum examined by colored glasses. Pure hy- 
drogen ^es bums with a blue flame, in which many of the 
rays of hffht are wanting. The flame of an oil lamp contains 
most of me rays which are wanting m sun-light Alcohol 
mixed with water, when heated and burned, chords a flame 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob- 
tained by different authors, have been given by Mr. He^ 
ichel: — 
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Salts of Boda, ««.... Homo^neotB yeltow. 

• — potash) ..... ^^ Pale violet 

Ume, Brick red. 

strontia, » . , . . Bright crimson. 

lithia, ....... Red. 

■ — baryta, ..,,,. Pale apple green. 

— ' coppefi , Bluish green. 

According to Mr. Herschel the .muriates sacceed best on 
account of their volatility. 



CHAP. xvn. 

ON THE DOUBLE REFRACTION OV LIGHT. 

(89.) In the preceding chapters of this work it has always 
been supposed, when treating of the rrfreiction of light, either 
through sur&ces, lenses, or prisms, that the transparent or re- 
fracting body had the same structure, the same temperature, 
and the dame density in every part of it, and in every direc- 
tion in which the ray could enter it Transparent bodies of 
this kind are gases, fluids, solid bodies, such as different kinds 
of glass, formed by fusion, and slowly and equally cooled, and 
a numerous class of crystallized bodies, the form of whose 
primitive crystal is the cube, the regular octohedron, and the 
rkomboidal dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
pressure, a smgle pencil of light incident upon any single sur- 
face of them^r perfectly plane, will be refracted into a single 
pencil according to the law of the sines explained in Chap- 
ter IIL 

In almost all other bodies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such as hair, horn, shells, bones, lenses of ani- 
mals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally cooled, and 
solid b(2ies having unequal density either from unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of light incident upon their surfaces will be refracted 
into two different pencils^ more or less inclined to one another, 
according to the nature and state of the body, and according 
to the direction in which the pencil is incident. The separa- 
tion of the two pencils is sometimes very great, and in most 
cases easily observed and measured ; but in other cases it is 
L2 
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not visible, and its existence is inferred only from certain 
effects which could not arise except from two refracted pen- 
cils. The refraction of the two pencils is oalled double rc- 
fr&ction, and the bodies which produce it are called doubly 
reacting bodies or crystals. 

As the phenomena <x double refraction were first discovered 
in a transparent mineral substance called Iceland spar, calca" 
reoia i^por, or eatbonate qf lime^ and as this substance is ad- 
mirably fitted for exhibiting them, we 'shall be^ by explain- 
ing the law of double refraction as it exists m this mineral 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystals of 
various shapes, and oflen in huge masses ; but, whether found 
in crystals or in masses, we can always cleave it or split it 
into shapes like that represented in fig. 70., which is called a 
«^ ^ rhomb of Iceland spar, a solid bounded by 

six equal and similar rhomboidal surfaces, 
whose sides are parallel, and whose angles 
B A C, A C D are 101° 55' and 78<^ 5'. The 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 105° 5', 

and to any of the adjacent faces that meet 

B D fit X 74° 55'. The Une A X, called the 

axis of the rhomb or of the crystal, is equally inclined to each 
of the six fiices at an angle of 45° 23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the fiices is 113° 
15' 14" and 66° 44' 46". 

(00.) Iceland spar is very transparent, and generaUy color- 
less. ItB natural faces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect face by a better one, or 
we may grind and polish any imperfect fiice. 

Havmg procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished faces, and so large that 
one of the edges A B is at least an inch long, plac^ one of 
its faces upon a sheet of paper, having a black Ime M N 
drawn upon it, as shown in Jig, 71. If we then look tlirough 
the upper surfiice of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two linee^ M N, m n, will then be distinctly viable ; and 
unon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
aaother^ and appear to fi)rm one at two opposite points during 
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a whole revolution of the crystal ; and at two other opposite 
points, nearly at right angles to the former, the lines will he 
at their greatest distance. If we place a black spot at O, or 
a luminous aperture, such as a pin-hole in a wafer, with light 
passing through the hde, thp spot or aperture will appear 

fig, 71. 




douhle, as at O and E ; and by turning the crystal round as 
before, the two iipages will be seen separate in all positions ; 
the one, E, revolvmg, as it were, round the other, O, 

Let a ray or pencil of light, R r, fall upon the surfkce of 
the rhomb at r, it will be refracted by the action of the sur- 
face into two pencils, r O, r E, each of which, being again 
refracted at the second surface at the points O, E, will move 
in the directions O o, E e, parallel to one another and to the 
incident ray R r. The ray R r has therefore been doubly rc- 
fracted by the rhomb. 

If we now examine and measure the angle of refraction of 
the ray r O corresponding to different angfes of incidence, we 
dudl find that, at 0° of incidence, or a perpendicular inci- 
dence, it suffers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of the angle of refraction is to that of inci- 
dence as 1 to 1*654 ; and that the refracted ray is always in 
the same plane as that of the incident ray. tience it is ob^ 
vious that the ray r O is refracted according to the ordinary 
law of refraction^ which we have already explained. If we 
now examine in the same way the ray r £, we shall find that, 
at a perpendicular incidence, or one of 0^, the angle of re- 
fraction, in place of being 0°, is actually 6^ 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refiracted ray r E is bent to one 6ide,>and lies 
entirely out of the plane of incidence. Hence it follows that 
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the pencil r E is refracted according to some new and extra- 
ordinary law of refraction. The ray r O is therefore called 
the ordinary ray, and r E the extraordinary ray. 

If we cause the ray R r to be incident m various different 
X directions, either on the natural faces of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not suffer double refraction. In other crystals there are 
two such directions, fi)rmmg an angle with eaxsh other. In the 
former case the crystal is said to have one axis of double re- 
fraction, and in the latter case two axes of double refraction. 
These lines are called axes of double refraction, because the 
phenomena are related to these lines. In some bodies there 
are certain planes, along which, if the refiracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a fixed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
rhomb ABC, fig. 70., into two or more rhombs, each of these 
separate rhombs will have their axes of double refraction; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
Imes have all one and the same direction in space, the crystal 
is still said to have only one axis of double refraction. 

In making experiments with different crystals, it is found 
that in some the extraordinary ray is refracted towards the 
axis A X, while in others it is refracted from the axis A X. 
In the first case the axis is called a positive axis of double 
refraction, and in the second case a negative axis of double 
refraction. 

On Crystals loith one Axis of Double Refraction. 

(91.) In examining the phenomena of double refraction in 
a great number of crystallized bodies, I found that all those 
crystals whose primitive or simplest form had •only onb axis 
of figure, or one pre-eminent line round which the figure was 

Smmetrical, had also one axis of double refraction ; and that 
eir axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows : — 

The rhomb with an obtuse summit 
The rhomb with an acute summit. 
The regular hexahedral prism. 
The octohedron with a square base. 
The right prism with a square base. . 
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(92.]) The Mowing Table contains the crystals which have 
one axis of double re&action, arranged under their respective 
primitive forms, the si^ + being prefixed to those that have 
positive doifble refraction, and — to those that have negative 
double refraction. 




Flg.73. 




Fig, 74. 



<m?J 



L Rhomb with ebtuse summit^ Jig. 72. 



— <]!arbonate of lime (Iceland 
spar. 

— Carbonate of lime and iron. 

— Carbonate of lime and mag- 
nesia. 

— Phoephato-arseniate of lead. 

— Carbonate of zinc. 

— Nitrate of soda. 



— Phosphate of lead. 
— Ruby silver. 
— Levyne. 
— Tourmaline. 
— Rubellite. 
— Alum stone. 
— Dioptase. 
— Quartz. 



2. Khomh toith acute summit^ fig, 73. 



— 0)rundunL 
— Sapphire. 
. —Ruby. 



— Cinnabar. 

— ^Arseniate of copper. 



3. Regular Hexahedral Prism^ fig, 74 



^Emerald. 

— BeryL 

— ^Phosphate of lime (apatite). 



— ^Nepheline, 

— Arseniate of lead. 

-j- Hydrate of magnesia. 



4. Octohedron toith a square hctse^ fig. 75. 



-f Zircqn. 
-f-Oxide of tin. 
-fTungstateof lime. 
— MelHte. 



— Molybdate of lead. 
— Octohedrite. 
— ^Prussiate of potash. 
— Cyanide of mercoij. 



130 



A TBBATI8E ON OFnCS. 
Fig, 75. Fig. 78. 
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5. Right Prigm with a square base. Jig, 76. 



— Sulphate of nickel and cop- 
per. 

— Hydrate of strontia. 

-f Apophyllite of utoe. 

4- Oxahverite. . 

4-Superacetate of copper and 
lime. 

+Titanite. 

4- Ice (certain ciystals). 



— ^Idocrase. 

— Wemerite. 

— Paranthine, 

— Meionite. 

— Somervillite. 

— ^Edingtonite. 

— ^Arseniate of potash. 

— Sub-phosphate of potash. 

— ^Phosphate of ammonia and 

magnesia. 

In all the preceding crystals, and in the primitive forms to 
which they belong, the line A X is the axis of figure and of 
double refraction, or the only direction along which there is 
no double refraction. 

On the Law of Double Refraction in Crystals with^one 

Negative Axis, f ' 

(93.) In order to give a familiar explanation of the law of 
Fig. 77. double refraction, let us suppose 

that a rhomb of Iceland spar is 
turned in a lathe to the form of 
a sphere, as shown in Jig, 77., 
A X beinff the axis of both the 
rhomb and the sphere. 

If we now make a ray pass along 

the axis A X, after grinding or 

polishing a small flat surface at 

A and X, perpendicular to A X, we £all find that there is no 

double refraction ; the ordinary and extraordinary ray forming 

a single ray. Hence, 

The index of refraction along > 1*654 for orduiary ray. 

the axis A X will be - $ 1-654 for extraordinary ray 




0-000 difference. 
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If we do the same at any point, a, about 45^ firam the axu^ 
we shall have > 

The index of refraction along the line ^ 1*654 for ordinary my. ' 
R a 6 O, which is nearly perpen- > 1*572 for extnicHrdinaTy 
dicular to the face of the rhomb, J ray. 

0.082 difference. 

If we do the same at any point of the equator C D, in- 
clined 90° to the axis, we shall have 
The index of refraction per- ) 1-654 for ordinary ray. 
pendicular to the axis, ^ 1.483 for extraordinary ray. 

0171 difference. 

Hence it Mows that the index of extraordinary refraction 
decreases from the axis A X to the equator C D, or to a line 
perpendicular to the axis, where it is the least The 
mdex of extraordinary refraction is the same at all equal 
angles with the axis A X ; ai}d hence, in every part of a cir- 
cle described on the surface of the sphere round die pole A or 
X, the index of extraordinary refraction has the same value, 
and consequently the double refraction or separation of the 
rays will be the same. In crystals, therefore, with one^axis 
of double refraction, the lines of equal double refraction are 
circles parallel to the equator or circle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double refraction in crystals with one axis, has 
given the following method of determining the index of ex- 
traordinaiy refraction at any point of the sphere, when the 
ray of light is incident in a plane passing through the axis of 
the crystal AX: — 

Let it be required, for example, to determine the index of 
refraction for the extraordinary ray Rab, Jig. 77., A X being 
the axis, and C D the equator of the .crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1*654 and 
1.483. From O set off in the lines O C, O D continued, O c, 
Od, BO that OCorODistoOcorO<ias j,^^ is to y.^^i^* 
or as ;Q04 is to -674; and through the points A, c, X, d, draw 
• an ellipse, whose greater axis is c (2, and whose lesser axis is 
A X. The radius O a of the ellipse will be what is called 
the reciprocal of the index of refraction at a ; and as we can 
find O a, either by projecting the ellipse on Bk large scale, or 
by calculation, we have only to divide 1 by O a to have that 
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index, in the present case O a is *636, and .^^ is equal to 
1*572, the index required. 

As the index of extraordinary refraction thus found always 
diminishes from the pole A to the equator CD, and is always 
equal to the index of ordinary refraction minus another 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which this 
takes plsjce may be properly said to have negative double 
refraction. 

In order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
plane passing through the axis, the process, either by projec- 
tion or calculation, is too troublesome to be given in an ele- 
mentary work. 

In every case the force which produces the double refrac* 
tion exerts itself as if it proceeded frt)m the axis. . 

Every pkne passmg tlux)ugh the axis is called a principal 
section a£ the crystal 

On ike Law of Double Rtfraction in Crystals with one 

Positive Axis, 

(94.) Amon^ the crystals best fitted for exhibiting the 

phenomena of positive double refraction is rocA: crystal or 

quartz^ a mineral which is generally found in six-sided 

prisms, like fig, 78., terminateid with sixrsided pyra> 

mids,E,F. 

If we now grind down the summits A and X» 
and replace them by faces well {wlished, and per- 
pendicular to the axis A X ; and if we transmit a 
ray through these &ces, so that it ma]^ pass along 
the axis A X, we shall find that there is no double 
refraction, and that the index of refraction is as 
follows: — 

. Index of refraction along > 1*5484 for ordinary ray. 
the axis AX - - \ 1*5484 for extraordinary ray 

0-OOOO.difference. 

If we now transmit the ray perpendicularly through the 

parallel faces E F, which are inclined 38° 20' to the axis A X, 

the plane of its incidence passing through A X, we shall 

obtain the following results : — 

Index of refraction perpen- ) , .c-q^ f, ^,j- „^ ^„ 

dicular to the ^^^ofi\^^Z'^S^^r.. 
the pyramid - - - ^^'^'^^^^oi fiJXiBOT^imryn,y. 

0*0060 difierence. 
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In like maiuier, it will be finmd that when the ray pasBes 
perpendicolarly through the fiices C D, perpendicular to tha 
axis A X, the index of extraordinary refiaction u the 
greatest, viz. 

the prism CD - . ^ 1-5682 for.extraordinary lay. 

0-0098 difierence. 
Hence it appears that in quartz the index of extraordinaiT 
refraction iricreases from the pole A to the equator C D, 
whereas it diminished in calcareous spar, and the extraordi- 
nary ray appears to be drawn tathe axia 

In this case the variation or the index of extraordinary 
refraction will be represented by an ellipse, A c X ci, whose 
greater axis coincides with the axis 
A X of double refraction, as in Jig. 
79., and O C will be to Oc as j.-gin 
is to T.yiij* or as 6458 is to -6^18. 
By determming,* therefore, the radius 
O a of the ellipse fi)r any ray R 6 a, 
and dividing 1 by it, we shall have 
the index of extraordinary refraction 
for that ray. 

As the index of extraordinary refraction is always e^ual to 
the index of ordinary refraction, plus another quantity de- 
pending on the difference between the radii of the circle and 
the ellipse, the crystals in which this takes place may properly 
be said to have positive double refraction. 

On Crystals with tu)o Ao^es of Double Refraction^ 
(95.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double refraction is nothing. This proper^ 
of possessinff two axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Mobs, or whose 
primitive forms are, 

A right prima, base s rectangle. 
■ baaearbomb. 

— .^ base an oblique parallelognuii. 

Oblique prism, base a rectangle. 
■■ • ' — base a ihomb. 
' base an oblioQe parallelogian. 

Octahedion, base a retitaitgle .•" 

base a rhomb. 
M 
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In all these primitive forms there is not a single pre-emi- 
nent line or axis about which the figure is symmetricaL 

The fi^owing is a list of some of the most important crys- 
tals, with their primitive forms according to Hauy, and the 
inclination of the two lines or axes along which there is no 
double refraction : — 

Glauberite - - - 2° or 3^ Oblique prism, base a rhomb. 

Nitrate of potash - 5^ 2Q' Octohedron, base a rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sul]£ate of baryta - 37 42 Right prism, base a rectangle. 

Mica ----- 45 Right prism, base a rectangle. 

Sulphate of Ume - 60 j »*g^^™^ " «^- 

Topaz - - - - 65 Octohedron, base a rectangle. 
Carbonate of |k)tash 80 30 Prismatic system <^ Mobs. 
Sulphate of iron - 90 Oblique prism, base a rhomb. 

In crystals with one axis o^ double refraction, the axis has 
the same position whatever be the color of the pencil of light 
which is used ; but in crystals with tvoo axes, the axes change 
their position according to the color of the light employed, so 
that ^e inclination of the two axes varies with aifierently 
colored rays. This discovery we owe to Mr. Herschel, who 
found that in tartrate of jpotash and soda (Roehelle salts) 
the inclination of the axis for violet light was about 56^, 
while in red light it was about 76°. In other crystals, such 
as nitre, the inclination of the axes for the violet rays is 
greater than for the red rays ; but in every case the line 
joining the extremity of the axes for all the different rays is 
a straight line. 

In examining the properties of Glauberite, I foand that it 
had two axes for red light inclined about 5°, and only one 
axis for violet light. 

It was at first supposed that in crystals with two axes, one 
of the rays was refracted according to the ordinary law of the 
sines, and the other by an extraordinary law ; but Mr. Fresnel 
has shown that both uie rays are refracted according to laws 
of extraordinary refraction. 

On Crystals toith innumerable Axes of Double Refraction. 

(96.) In the various doubljr refracting bidies hitherto meih^ 
tioned, the double refraction is related to one or more axes; 
but I have found that in analcime there are several planes, 
along which if the refracted ray passes, it will not suffer 
douUe refiraction, however various be the direeti(»i8 in which 
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it ifi incident Hence we may consider each of these planes 
as containing an infinite number of axes of double refraction, 
or rather lines in which there is no double refraction. When 
the ray is incident in any other direction, so that the refracted 
ray is not in one of these planes, it is divided into two rays 
by double refraction. No other substance has yet been found 
possessing th^ same property. 

On Bodies to which Double Refraction may be communicated 
by Heat, rapid Coding; Pressure, and Induratioiu 

(97.) If we take a cylinder of glass, C D, ^. 80., and 
fig, 80. having brought it to a red heat, roll it along a plate 
of metal upon its cylindrical surface till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will become a cylinder with one positive 
axis of double refraction, A X, coinciding with the 
axis of the cylinder, and along which there is no 

^j double refraction. This axis diflfers from that in 

^X quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, any 
other line parallel to A X, Jig. 80., is not an axis of double 
refraction, but the double refraction along that line increases 
as it approaches the circumference of the cylinder. The 
double refraction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
through it 

If, instead of heating the glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same doubly refracting struc- 
ture when the heat had reached the axis A X ; but this struc- 
ture is only transient, as it disappears when the cylinder is 
uniformly heated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fluid, it would have acquired a transient doubly refracting 
structure as before, when the cooling had reached the axis 
A X ; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced bv pressure and by 
the induration of soft solids, such as animal jellies, isinglass, &c. 

If the cylinder in the preceding explanation is not a circular 
fine, but has its section pjerpendicular to the axis everywhere 
an eUipse in place of a drde, it will have two axes of*^ double 
refraction. 

In like manner, if we use rectangular plates of glass in- 
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Stead of cylinders in ther preceding experiments, we shall have 
plates with ttoo planes of double refraction ; a positive struc- 
ture being on one side of each plane, and a negative one on 
the other. 

If we use perfect spheres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they 
are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena will be more fully explained when we 
treat <^ the colors produced by double refraction. 

On Svbetances toith Circular Double Refraction, 

(98.) When we transmit a pencil of li^t along the axis^ 
A X, fig. 78., of a crystal of quartz, it suffers no. double re- 
fraction; but certain phenomena, which will be afterwards 
described, are seen alons^ this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He found 
that it possessed a new kind of double re&action, and he dis- 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, fix)m its properties, been called cir^ 
cular; and it is divided into two kinds,— ^^i^ive or right- 
handed, and Jiegative or left-handed. 

The following substances possess this remarkable prop-^ 
erty: — 

Peritiw Suhgtances. Negative SuhgianeeM. 

Refck crystal, certain speci- 

mens. 
CwBOfhoie. Boek crystal, certain speci. 

OU (^ turpentine. mens. 

Solution of camphor in al- Concentrated sjrrup of sugar. 
- cohd. Elssential oil of lemon. 

Essential oil of laurel 
Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst posseted in the same crystal both the positive and 
the negative circular double refraction. This subject wi]l be 
more folly treated when we come to that of circular polar- 
izatUmJ^ 

* For the formulee referring to certain of the articles of this and of the 
subsequent chapter, see (in the College edition,) Appendix of Am. ed.,. 
Chap. VI. 
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CHAP. xvm. ^ 

ON THE FOLABIZATl(»r Otf LIGHT. 

If we transmit a beam of the sun's light through a circulaf 
aperture into a dark room, and if we reflect it from any crys- 
tallized or uncrystallized body, or transmit it through a thin 
plate of either of them, it will be reflected and transmitted in 
the very same manner and with the same intensity, whether 
the surfece of the body is held above or below the beam, or on 
the right side or left, or on any other side of it, provided that 
in all these cases it falls upon tha surface in the same manner ; 
or, what amounts to the same tning, the beam of solar light 
has thei same properties on all its sides; and this is true, 
whether it k white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belong to light emitted from a candle, 
or any burning or self-lummous l»dy, and all such light is 
called common light A section of such a beam of li^ht will 
be a circle, like A C B D, Jig, 81., and we shall distinguish 

J^. 81. 




the section of a beam of common ligiit by a eirde with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to fall upon a 
rhomb of Iceland spar, as in Jig, 71., and examine the two 
circular beams O o, E €, formed by double refraction, we shall 
find, 

1. That the beams O o, E e, have diflerent properties on 
difierent sides ; so that each of them diflers, in this respect, 
from the beam of common light. 

2. That the beam O o differs from E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C and D', as showfi in Jig, 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which the beam has similar properties, are at right 
•angles to each other, as A' B' and C D', n>r example. 

M2 
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These two beams, O o, E c, fig, 81., are therefore said to 
be polarized, or to be beams of polarized light, because they 
have sides or poles ^ different properties ; and planes passing 
through the Imes A B, C D, or A' B', C' D', are said to be the 
planes o^ polarization of each beam, because they have the 
same property, and one virhich no other plane passing through 
the beam possessea 

Now, it is a curious fact, that if we cause the two polarized 
beams O o, £ e to be united into one, or if we produce them 
4^ a thm plate <^ Iceland spar, which is not capable of sepa- 
rating them, we obtain a beam which has exactly the same 
properties as the beam A B C D of common light 

Hence we infer, that a J>eam of common light, A B C D, 
consists of two beams of pomrized li^ht, whose planes of po- 
larization, or whose diameters of smiilar properties, are at 
ri^ht angles to one another. If O o is laid upon E e, it 
will produce a figure like A B C D, and we, therefore, re- 
present common light by such a figure. If we place O o 
above E c, so that the t)lanes of polarization A' B' and C D* 
coincide, then we shall have a beam of polarized light twice 
SB luminous as either Oo or Ee, imd possessing exactly 
the same properties ; for the lines of similar property in the 
one beam comcide with the lines of similar property in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into a besma or beams of po- 
larized light 

1. We may separate the beam of common light, A B C D, 
into its two component parts, O o and E e. 

2. We may turn round the planes of polarization, A B, C D, 
till they coincide or are parallel to each other. Or, 

8. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light is 
that in which we employ a doubly re&acting crystal, which 
we shall now consider. 

On the Polarizatum of Light by Double Refraction. 

(99.) When a beam of light sufiers double refraction by 
a negative ciystal, as Iceland spar, fig, 71., where the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane pajssing through the axis, the two 
pencils r O, r E are each polarized ; the pkne of polarization 
of the ordinaxy ray, r O, coinciding with the principal section, 
and the plane of pcuarization of the extraordinary ray, r E, bemg 
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at right angles to the principal section. In J^^ 82^ if O be 
made to denote a section of the ordinary beam r O, Jig. 71., E, 
the diameter of which is drawn at right angles to that of O, 
will represent a section of the extraordinary beam r £. 



Fig, est. 



Fiff.e^. 




If the beam of light R r is incident upon a positive crystal, 
like quartz, O o^fiff. 88., will be the symbol of the orduuuy 
ray, and E that of Uie extraordinary ray. 

The phenomena which arise from this opposite polarization 
of the two pencils may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a rhomb of Ice- 
land spar, fig, 84., through the axis A X, and perpendicular 
to one of the feces, and let A' F X' be a similar section of an- 
other rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendicu- 
larly at r, will be divided into two pencils ; an ordinary one, 

Fig. 84. Fig. 85. 
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r D, and an extraordmary one, r C. The ordinary ray felling 
on the second crystal at G, again suffers ordinary refraction, 
aad emerges at fe an ordinary ray, O o, represented by the 
symbol O, fig. 82. In like manner the extraordinary^ ray, r C, 
felling on the second crystal at F, again suffers extraordinary 
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refractioD, and emerges at H an extraordinary ray, E e, reprc* 
sented by E, Jig, 82. These results are exactly the same as if the 
two crystals had formed a single crystal by being united at their 
sarfiices C X, A' G, either by natural cohesion or by a cement. 
Let the upper crystal A X now remain fixed, with the same 
ray Rr faUing upon it, 'and let the second crystal A' X' be 
turned round 90°, so that its principal section is perpendicular 
to that of the upper qne, as shown in Jig. 85. ; then the ray 
r D ordinarily refracted by the first rhomb will be extraordi- 
narily refracted by the second, and the ray r C extraordinarily 
refracted by the first rhomb will be ordinarily refracted by- the 
second. 

The pencils or images formed from the ray R r, in the two 
{nsitiaBs shown in figi. 84. and 85., may be thus described as 
marked in the figures : — • ^ 

O is the pencil refracted ordinarily by tiie first rhomK 

E is die pencil refracted extraordinarily by the first rhomb. 

4> is the pencil refracted ordinarily by the secoTUl rhomb. 

6 is the pencil refracted extraordinarily by the second 
rborab. 
O • is the pencil refracted ordinarily by both rhombs in 

£ e is the pencil refracted extraordinarily by both rhombs 
mfig,Bi, 

O e is the pencil refracted ordinarily by the first, and eor- 
traordinarily by the second rhomb in fig, 85. 

£ o is the pencil refracted extraordirumly by the first, and 
ordinarily by the second rhomb in fig, 85. 

In both the cases shown in figs, 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as in 
fig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils wliich fiiU upon it ; but in every other po- 
sition between the parallelism and the perpendicularity of the 
principal sections, each of the pencils formed by the first 
rhomb will be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that the ray R r proceeds from a round 
aperture, like one of the circles at A, fig, 86., and that the 
eye is placed behind the two rhombs at H K, fig. 84., so as to see 
the images of this aperture. Let the two images shown at A, fig. 
66., be the appearance of the aperture at R, seen through one of 
the rhombs by an eye placed behind C D,fig. 84., then R,fi^. 86., 
will represent the images seen through fie two rhombs m the 
position «i fig. 84., their distance being doubled, from sufiering 
the aaoae quantity of double refraction twice. If we now turn 
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the second riiomh, wthat nearest the eye, from left to right, 
two fttiut images will appear, as at C, between the two bright 
ones, which will now be a little fainter. By continuing to 




turn, the four images will be all equally luminous, as at D ; 
they will next appear as at E ; and when the second rhomb 
has moved round 90% as in fig, 85^ there will be only two 
images of ^equal brightness, as at F. Continuing to turn the 
second rhomb, two faint images will appear, as at G ; by a 
farther rotation, they will be all equally bright, as at H; 
farther on they will become unequal, as at I ; and at 180° of 
revolution, when the planes of the principal section are again 
parallel, ajid the ajces A X, A' X' at right angles nearly to 
each other, all the images will coalesce into one bright image, 
as at K, having double the brightness of either of those at A, 
B, or F, and four times the brightness of any one of the four 
atDandH. 

If we now follow any one of the images A, B from the dd- 
fiition in fig, 84., where the principal sections are inclined IP 
to one aiKioter, to the position in fig, 85«4 where it disappears 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the angle formed by the principal sections, 
while the brightness of any image, from its appearance be- 
tween B and 5, fig, 88., to its greatest brightness at F, in- 
creases as the square of the sine of the same an^le. 

By considering the preceding phenomena it will appear, 
that whenever 3ie plane of polarization of a polarized ray, 
whether ordinary or extraordinary, coincides wither is parallel 
to the principal section, the ray will be refracted ordinarily ; 
and whenever the plane of polarization is perpendicular to 
the principal section, it will be refracted extraordinarily. In 
all intermediate positions it will suffer both kinds of refraction, 
and will be doubly refracted ; the ordinary pencil being the 
brightest if the plane of polarization is nearer the position of 
parallelism than that oi perpendicularity, and the extraordi- 
aary pencil Ae brightest if the plane oC polarization is nearer 
the position of perpendicularity than that of parallelism. At 
equal distances from both these positions, Uie ordinary and ex- 
iraordinary images are equally bright. 
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(100.) It does not appear from the preceding experiments 
that the polarization of the two pencils is the e&ct oi any po- 
larizing force resident in the Iceland spar, or of any change 
produced upon the light. The Iceland spar has merely sepa- 
rated the common light into its two elements, according to a 
different law, in the same manner as a prism separates all 
the seven col<»i9 of the spectrum from^ the compound white 
beam by its power of refracting these elementary colors in 
different degreea The re-union of the two oppositely po- 
larized pencils produces common light, in the same manner as 
the re-union of all the seven colors produces white light 

The method of producing polarized light by double refrac- 
tion is of all others the best, as we can procure by this means 
from a given pencil of light a stronger polarized beam than in 
any other way.« Througn a thickness of t^ree inches of Ice- 
land spar we can obtain two separate beams of polarized light 
one third of an inch in diameter ; and each of these betuns 
contains half the ligl$ of the original beam, excepting the 
small quantity of light lost by reflexion and absorption. By 
sticking a black wafer on the spar opposite eith^ of these 
beams, we can -procure a polarized beam with its plane of po- 
larization either in the principal section or at right angles to 
it In all experiments on tj^ subject, the reader should re- 
collect that every beam of polarized light, whether it is pro- 
duced by the ordinary or the extraordinary refraction, or by 
positive or negative crystals, has always the same properties, 
provided the plane of its polarization has the same direction. 



CHAP. XIX.* 

ON THE POLARIZATION OF LIGHT BY REFLEXION. 

(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous spar 
at the light of the settmg sun reflected from the windows of 
the Luxembourg palace in Paris, was led to the curious dis- 
covery, that a beam'' of light reflected from ^Ittss at an angle 
of 56°, or from water at an angle of 53°, possessed the very 
same properties as one of the rays formed by a rhomb of cal 
careous spar ; that is, that it was wholly polarized, having its 
plane of polarization coincident with or parallel to the plane 
of reflexion. 

* For the fortnuls relating to this chapter, tee (in the College edition.) 
Appendix of Am. ed., Chap. VI. 
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This most curioas and important fact, which he found to be 
true when the light was reflected from all other transparent 
or opaque bodies, excepting metals, gave birth to all those dis- 
coveries which have, in our own day, rendered this branch of 
knowledge one of the most interesting, as well as one of the 
most peifect, of the physical sciencea 

In order to explain this and the other discoveries of MaInB» 
let C D, fig, 87., be a tube of brass or wood, having at one end 
of it a plate of glass, A, not quicksilvered, and capable of 




turnin£f round an axis, so that it may form different angles 
with the axis of the tube. . Let D G be a similar tube a little 
smaller than the other, and carrying a similar plate of ^lass B. 
If the tube D G is pushed into C D, we may, by turmng the 
one or the other round, place the two glass plates in any po- 
sition in relation to one another^ 

Let a beam of light, R r, from a candle or a hole in the 
window-shutter, fall upon the glass plate A, at an angle of 56^ 
45' ; and let the glass be so placed that the reflected ray r s 
may pass along the axis of the two tubes, and fall upon the 
second plate of glass B at the point «. If the ray r s &lls 
upon the second plate B at an angle of 56° 45' also, and if the 
plane of reflexion from this plate, or the plane passing through 
8 E and 8 r, is at right angles to the plane of reflexion from 
the first plate, or the plane passing through r R, r «, the ray r s 
will not 8uffer refleocion firom B, or will be so faint as to be 
scarcely visible. The very same thing will happen if r « is a 
ray polarized by double refraction, and having its plane of po- 
larization in the plane passing through r R, r 9. Here then 
we have a new property or test of polarized light, — that it 
will not suflfer reflexion from a plate of glass B, wnen incident 
at an angle of 56° 45', and when the plane of incidence or re- 
flexion is at right angles to the plane of polarization of the 
ray. If we now turn round the tube D G with the plate B| 
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witbottt moving the tube C D, the last reflected ray s E will 
become brighter and brighter till the tube has been turned 
round 90°, when the plane of reflexion from B is coincident 
with or parallel to that from A. In this position the reflected 
ray « E is brightest By continuing to turn the tube D G, the 
ray s E .becomes fainter and famter, till, after being turned 90*^ 
farther, the ray « E is faintest, or nearly vanishes^ which hap* 
pens when the plane of reflexion from B is perpendicular to 
that from. A. After a farther rotation of 90°, the ray * E will 
recover its greatest brightness ; and when, by a still farther 
rotation of 90^, the tube D G and plate B are brought back into 
their flrst position, the ray s E will again disappear. These 
effects may be arranged in a table, as follows : — 



yQO ,,." ^.,, 

At anrkw between 90o and 1800 

180O 

At angles between 180o and 3WO . 

270O , . . 

At angles between 27DO and 3C(P . 

360Oor0O 

At angles between 0^ and 9QQ . . 
90O 



Scarcely visible 

Tt>e iiuagegrowsbrighterand brighter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 

The imagegrows brighter and brighter 

nrightest 

The image grows fainter and fainter 

Scarcely visible 



' If we now substitute in place of the ray r s one of the po- 
larized rays or beams formed by Iceland spar, so that its plane 
of polarization is in the plane R r «, it will experience the 
very same changes as tiie ray R r does when polarized by re- 
flexion from A at an angle of 56° 45'. Hence it is manifest, 
that a ray reflected at 56° 45' from glass has all the properties 
of polarized light as produced by doable refraction. 

(102.) In the preceding observations, the ray R r is sup- 
posied to be reflected only from the first surface of the glass ; 
but Malus found that the light reflected from the second sur- 
fiice of the glass was polarized at the same time with that re- 
flected from the first, although it obviously suffers reflexion at 
a difierent angle,, viz. at an angle equal to the angle of refrac- 

' tion at the first surface. 

Tlie angle of 56° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle. 
When the light was reflected at angles greater or less than 
56° 45', Malus found that a portion of it only was polarized, 
the remaining portion possessing all the properties of common 
light The polarized portion diminished as the angle of inci- 
dence receded on either side from 56° 45', and was nothing at 
0°, or a perpendicular incidence, and also nothing at 90°, or 
the most oblique incidence. 
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In continuuig his Experiments on this suhjecty Mains found 
that the angle of maximum polarization varied with different 
bodies ; and, after measuring it in various substances, he con- 
cluded that it follows neither the order of the refractive 
powers nor that of the dispersive power s^ hut that it is a prop" 
erty of bodies independent of the other modes of action which 
they exercise upon light. After he had determined the angles 
under which complete polarization takes place in different 
bodies, such as ^lass and water, he endeavored to ascertain the 
angle at which it took place at their separating surfaces when 
they were put in contact In this inquiry, however, he did 
not succe^ ; and he remarks, ^* that the law accordmg to 
which this last angle depends cm the first two remains to be 
determined." 

If a pencil or beam of light reflected at the maximum po- 
larizing angle from glass and other bodies were as completely 
polarized as a pencil polarized by double re&action, then the 
two pencils would have been equally invisible when reflected 
iix>m the second plate, B, at the azimuths 90^ and 270^ ; but 
this is not the case : the pencil polarized by double refraction 
vanishes entirely when it passes throus^h a second rhomb, even 
if it is a beam of the sun's direct light ; whereas the pencil 
polarized by reflexion vanishes only 5 its light is faint, and if 
the plates A and B have a Ipw dispersive power. When the 
sun's light is used, there is a large quantity of unpolarized 
light, and this unpolarized light is greatly increased when the 
plates A and B have a high dispersive power. , This curious 
and most important fact was not observed by Malus. 

A very pleasing and instructive variation of the general ex- 
periment shown m fig, 87. occurred to me in examining this 
subject If, when the plates of glass A and B have the position 
shown in the figure where the luminous body from which the rav 
s £ proceeds is invisible, we breathe gently upon the plate B, 
the ray s E will be recovered, and tne luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upon the glass by 
breathing, and as water polarizes light at an angle of about 
53^ 11', the glass B should have been inclined at an angle of 
53° 11' to the ray r «, in order to be incapable of reflecting the 
polarized ray ;* but as it is inclined 56° 45' to the incident ray 
r 8, it has the power of reflecting a portion of the ray r s. 

If the glass B is now placed at an angle of 53° 11' to the 
ray r «, it will then reflect a portion of the polarized ray r « to 

* We neglect the coniideration of the separating mirfiioi of Uw water 
and glaifl, and i uppoee tba glasi B to be opaqiue. 

N 
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the eye at E ; but if we breathe upon the glass B; the re- 
flected light will disappear, because the reflecting surface is 
now water, and is placed at an angle of 53^ 11', the polarizi^ 
angle for water. If therefore we place two glass plates at '8^ 
the one inclined 56° 45', and the other 53° 11', to the beam 
r «, sufficiently large to fall upon both, the luminous object 
will be visible in the one but not in the other ; but if we 
breathe upon the two plates, we shall exhibit the paradox of 
reviving an invisible image, and extinguishing a visible one 
bv the same breath. This experiment will be more striking 
if the ray r » is polarized by double refraction^ 

On the Law of the Polarization of Light by Reflesnon^ 

(103.) From a very extensive series of experiments made 
to determine the maximum polarizing angles of various bodies, 
both solid and fluid, I was led, in 1814, to the following simple 
law of the phenomena : — 

The index of refraction is the tangent of the angle of po- 
larization. 

In order to explain this law, and to show how to find the 
/polarizmg angle for any body whose index of refiuction is 
known, let M N be the surface of any transparent body, such 
as water. From any pomt, r, draw r A perpendicular to M N> 
Fig. 88. Jig. 88., and round r as a centre de- 

scribe a circle, M A N D. From A 
^^ draw A F, touching the circle at A, 
and from any scale on which A r is I 
or 10 set ofi" A F equal to 1-336 or 
13*36, the index of refraction for water. 
From F draw F r, which will be the 
incident ray that will be polarized by 
reflexion from the water in the direc- 
tion rS. The angle ArR will be 
53° 11', or the angle of maximum polarizatipn for water. 
This angle may be obtained more readily by looking for 1*336 
in the column of natural tangents in a book of logarithms, 
and there will be found opposite to it the corresponding angle 
of 53° 11'. If we calculate the angle of refraction T r D, 
corresponding to the angle of incidence A r R, or determine 
it by projection, we shall find it to be 36° 49'. 

From the precedmg law we may draw the following con- 
clusions : — 

1. The maximum polarizing angle, for all substances what- 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement of 36° 49' is 53° 11', the polarizing 
angle. 
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* 2. At the polarizing angle, the sum of the aisles of inci^ 
dence and refraction is a right angle, or 90°. Thus, in water, 
the angle of incidence is 53° 11', and that of refraction 36° 
49', and their sum is 90°. 

3. When a ray of light, R r, is polarized by reflexion, the re- 
flected ray, r S, forms a right angle with the refracted ray, r T. 
When light is reflected at the second surface of bodies, the 
law of polarization is as follows : — 

The index of refractwn is the cotangent of the angle of 
polarization. 

In order to determine the angle in this case, let M N be the 
second surface of any body such as water. From r draw r A 
perpendicular to M N, fig, 89., and 
round r describe the curcle M A N D. 
From A draw A F, touchmff the circle 
at A, and upon a scale in whkdi r N is 1 
take A F equal to -7485, that is to ^.^^ 
the reciprocal of the index of refraction,* 
and from F draw F r ; the ray R r wDl be 
polarized when reflected m the direction 
rS. The maximum polarizing angle 
A r R will be 36° 49', exactly equal to 
the angle of refraction of the first surface. Hence it follows, 

1. That the polarizing angle at the second surface of bodies 
is equal to the complement of the polarizing angle at the first, 
or to the angle of refraction at the first surface. The reason 
Is, therefore, obvious why the portions of a beam of light re- 
flected at the first and second surfaces of a transparent parallel 
plate are simultaneously polarized. 

2. That the angle which the reflected ray r S forms with 
the refracted ray r T is a right angle. 

The laws of polarization now exi)lamed are applicable to 
tlie separating surfaces of two media of different refractive 
powers. If the uppermost fluid is water, and the undermost 
glass, then the index of refraction of their separating surfiice 
is equal to -}::';!; J, to tho greater index divided by the lesser, 
which is 1-I4i5. By using this index it will be found that the 
polarizing angle is 48° 47'. 

When the ray moves from the less refractive substance 
into the greater, as from water to glass, as in the preceding 
case, we must make use of tlie law and the method above ex- 
plained for the first surface of bodies; but when the ray 
moves from the greater refractive body into the less, as from 
oil of cassia to glass, we must use tlie law and method for tlie 
second suriace of bodies. 

*Tbe tangent of an angle to radius 1, iilhe reciprocal of the cotangent. 
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If we l&y ft parallel stratum of water upon glaas whose 
index of renuction is 1-508, the ray reflected from the refract- 
ing surfaces will be polarized when the angle of incidence 
upon the first surface of the water is 90^ 

(104.) The preceding observations are all applicable to 
white light, or to the meet lummous rays of the spectrum ; 
but, as every different color has a difierent index of refraction, 
the law enables us to determine the an^Ie of polarization for 
every difierent color, as in the fbllowmg table, where it is 
supposed that the most luminous ray pf the spectrum is the 
mean one: — 



Watbh 
Plate Glass 

Oil of Cassia 



r Red rays 
J Mean rays 
f Violet rays 
. R^ rays 
J Mean rays 
f Violet ray8 
^ Red rays 
} Mean rays 
f Violet rays 



1-330 53< 

1-33653 

1-342 

1-51556 

1 

1 

1-597157 

1-642 

1-687 



1-52556 
L-535 56 



Polariu^ 



4' J 
11 

53 19 
34 
45 
55 
57 

58 40 



59 21 



DIIEemic* bctwwa 



15' 

21' 

10 24' 



The circumstance of the different rays of the spectrum 
being polarized at different angles, enables us to explain the 
existence of unpclarized light at the maximum polarizing 
angle, or why the ray s E, in fig, 87., never wholly vanishe& 
If we were to use red light, and set the two plates at angles of 
56^ 34% the polarizing angle of j?lass for red light, then the pen- 
cil s E would vanish entirely. But when the light is whiter and 
the angle at which the plates are set is 56° 45', or that which 
belongs to mean or yellow' rays, then it is only the yellow rays 
that will vanish in the pencil s E. A small portion cSred and 
a small portion of violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which* will be 
that of the unpolarized light which remains in the pejicil 9 E. 
If we place the plates at the angle belonging to the red ray, 
then the red only will vanish, and the color of the unpo- 
larized light will be bluish ^een. If we place the plates at 
the angle corresponding with the blue light, then the blue 
only wul vanish, and the unpolarized light will be uf a reddish 
cast In oil of cassia, diamond, chromate of lead, realgar, 
specular iron, and other highly dispersive substances, the coloi 
of the unpolarized light is extremely brilliant and beautiful 

Certain doubly refractmg crystals, such as Iceland spar 
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chromate of lead, &c., have dififerent polarizing angles on dif- 
ferent surfaces, and in difierent directions on the same sur- 
face ; but tiiere is always one direction where tlie polariza- 
tion is not affected by tlie doubly refracting force, or where 
the tangent of the polarizing angle is equal to the index of 
ordinary refraction. 

On the partial Polarization oflAght by Reflexion, 

(105.) If, in the apparatus in fig. 87., we make the ray R r 
fall upon the plate A at an angle greaterr or less than 56° 45'« 
then the ray s E will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light. Mains called it 
partially polarized light, and considered it as composed of a 
portion or light perfectly polarized, and of another portion in 
the state of common light He found the quantity of polar- 
ized light to diminish as tlie angle of incidence receded from 
that of maximum polarization. 

M. Biot and M. Arago also maintained that partially polar- 
ized light consisted partly of polarized and partly of common 
light ; and £he latter announced that, at regular angular dis- 
tances above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion of polarized 
li|fht In St. Gobin's glass he found tl>at the same proportion 
of light was polarized at an angle of incidence of 82° 48' as 
at 24° 18' ; in water he found that the same proportion was 
polarized at 16° 12' as at 80° 31' ;. but he remarks, " tliat the 
mathematical law which connects the value of the. quantity of 
polarized light with the angle of incidence and tlie refractive 
power of the body has not yet been discovered." 

In the investigation of this subject, I found that though 
there was only one angle at which light could be completely 
polarized by one reflexion, yet it might be polarized at any 
angle of incidence by a strident number of reflexions, as 
shown in the following Table. 



BKLOW THE 


POL\R!ZIN» ANGLE. 


ABOVK THB 


POLARIZING ANGLE. 


Ko.of 


Angla ai whlih the Light 


Nu.or 


Angle at which the Lifht 


BelleKlona. 


i« poUirlstPil. 


RpfUjCiOM. 


Upotarlxed. 


1 


5G^ 45' 


1 


56° 45' 


2 


50 26 


2 


62 30 


3 


46 30 


3 


65 33 


4 


43 51 


4 


67 33 


5 


41 43 


5 


69 1 


6 


40 


6 


70 9 


7 


38 33 


7 


71 5 


6 


37 20 


8 


71 51 



N2 
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Is polarizing light by successive reflexions, it is not neces- 
sary that the reflexions be performed at the same angle. 
Some of them may be above and some below the polarizing 
angle, or all the reflexions may be performed at different 
angles. 

From the preceding facts it follows as a necessary conse- 
quence, that partially polarized light, or light reflected at an 
angle diflerent from the polarizmg angle, has suflered a physi- 
cal change, which enables it to be more easily polarized by a 
subsequent reflexion. The light, for example, which remains^ 
unpolarized after five reflexions at 70°, in place of being com- 
mon light, has suflered such a physical change that it is capa- 
ble of being completely polarized by one reflexion more at 70°. 

This view of the subject has been rejected by M, Arago, as 
incompatible with experiments and speculations of his own ; 
and, in estimating the valae of the two opinions, Mr. Herschel 
has rejected mine as the least probable. It will be seen, how- 
ever, rrom the following facts, that it is capable of the most 
rigorous demonstration. 

Tt does not appear, from the preceding inquiries, how a beam 
of common light is converted into polarized light by reflexion. 
By a series of experunents made in 1829, 1 have been able to 
remove this difficulty. It has been lon^ known that a polar- 
ized beam of light has its plane of polarization changed by re- 
flexion from bodies. If its plane is inclined 45° to the plane 
of reflexion, its inclination will be diminished by a reflexion at 
80S still more by one at 70°, still more by one at 60° ; and at 
the polarizing angle the plane of the polarized ray will be in 
the plane of reflexion, the inclinaticm commencing again at 
reflexions above the polarizing angle, and increasing till at 0°, 
or a perpendicular incidence, the inclination is again 45°.''^ I 
now conceived a beam of common light, constituted as in Jig-. 
81., to be incident on a reflecting surtace, so that the plane of 
reflexion bisected the angle of 90° which the two planes of 
polarization, A B, C D, formed with each other, as shown in 
Jig. 90., No. 1., where M N is the plane of reflexion, and 
A B, C D the planes of polarization of the beam, of white 
light, each inclined 45° to M N. By a reflexion fi-om glass, 
•^ere the index of refraction is 1*525, at 80°, the inclination 
<jf A B to M N will be 33°-13', as in No. 2., instead of 45° ; 
and in like manner the inclination of C D to M N will be 33° 
13', in place of 45° ; so that the inclination of A B to C D in 

*The role ibr finding the inclination is this .-—Find the sum of tbe angles 
of incidence and refraction, and also their difference ; divide the cosine of 
«he former by the cosine of the latter, and the quotient will be the Umgent 
"ct the iaelination <required. 
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place of 90O is 66° 26', as in No. 2. At an incidence of 65o 
the inclination of A B to C D will be 25° 86', as in No. 3. ; 
and at the polarizing angle of 56® 45' the planes A B, C D of 
the two beams will be parallel or coincident, as in No. 4. At 
incidences below 56° 45' the planes will again open, and their 




inclination will increase till at 0® of incidence it is 90®, as in 
No. 1., having been 25° 36' at an incidence of about 48° 15', 
as in No. 3., and 66® 26' at an incidence of about 30®, as in 
No. 2. 

In the process now described, we see the manner in which 
common liffht, as in No. 1., is converted into polarized light, 
as in No. 4., by the action of a reflecting surface. Each of 
the two planes of its component polarized beams is turned 
round into a state of parallelism, so as to be a beam with only 
one plane of polarization, as in No. 4. ; a mode of polariza- 
tion essentially different in its nature from that of double re- 
fraction. The numbers in Jig. 90. present us with beams of 
light in different stages of polarization from common light in 
Na 1. to polarized light in No. 4. In No. 2. the beam has 
made a certain approach to pblarization, having suffered a 
phvsical change in the inclination ot its planes ; and in No. 3. 
it has made a nearer approach to it Hence we discover the 
whole mystery of partial polarization, and we see that par^ 
tiaUy polarized light is light whose planes of polarization 
are inclined at angles less than 90® and greater than 0®. 
The influence of successive reflexions is therefore obvious. A 
reflexion at 80® will turn the planes, as in Jig. 90., No. 2. ; 
another reflexion a^ 80® will bring them closer ; a tJiird still 
closer ; and so on : and though they never can by this process 
be brought into a state of exact parallelism, as in No. 4 
(which can only be done at the polarizing angle), yet they can 
be brought infinitely near it, so that the beam will appear as 
completelv polarized as if it had been reflected at the polar- 
izing angle. The correctness of my former experiments and 
views is, therefore, demonstrated by the preceding analysis of 
^xxnmon light. 

k is maaifegt from these views that partially polarized light 
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does not contain a single ray of completely polarized light ; 
and yet if we reflect it from the second pVte B, in Jig, 87., 
at the polarizing angle, a certain portion of it will disappear 
as if it were polarized light, a result which led to the mistake 
of Mains and others. The light which thus disappears may 
be called apparently polarized light ; and I have explained in 
another place* how we may determine its quantity at any 
angle of incidence, and for any refractive medium. The fol- 
lowing Table contains some of the results for glass, whose in- 
dex of refraction is 1-525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 



tS!Z£. 


IncliBationorthaPtajie. 
CD./r.«0. 


Qamntttr of ndected 
lUrioutoriOM. 


^r^^LfoTisr 


0° 
20 
40 

56 45' 
70 
80 
85 
90 


90^ 0' 

30 26 
47 22 

37 41 
66 26 
78 24 
90 


43-23 

43-41 

49-10 

79-5 

162-67 

391-7 

616-28 

1000- 


0- 

7-22 

33-25 

79-5 

129-8 

156-6 

123-75 

0- 



CHAP. XX. 

ON THE POLARIZATION OF LIGHT BY OBDINA&Y REFRACTION. 

(106.) Although it might have been presumed that the 
light refracted by bodies suffered some change, corresponding 
to that which it receives from reflexion, yet it was not untS 
1811 that it was discovered that the refiracted portion .of the 
beam contained a portion of polarized lighLf 

To explain this property of light, let R r, Jig. 91., be a 
beam of light incident at a great angle, between S)° and 90°, 
<m a horizontal plate of glass, No. 1. ; a portion .of it will be 
reflected at its two surfaces, r and a, and the refracted beam 
a is found to contain a small portion of polarized light 

If this beam a fidls upon a second plate. No. 2., parallel 
to the first, it will suflTer two reflexions; and the refracted 
pencil 6 win contain more polarized light than a. In like 
manner, by transmitting it through the pmtes Nos. 3, 4, 5, and 

*8ee Phil. Transactions, 1830, p. 76., or Edinburgh Journal ef Science, 
New Beriea, No. V., p. 160. 

fThii discovery was made by independent observation by Malua, Biol, 
«nd tbe autlior of thui work. 
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6., the last refracted pencil, fg^ will be found to consist entirely, 
SO fiir as the eye can judge, of polarized light But, what is 
very interesting, the beam fg is not polarized in the plane d[ 
refraction or reflexion, but in a plane at right angles to it ; 
that is, its plane of polarization is not represent^ by A' B' 

JV-91- 



'■5^ 



fig, 81., as is the ordinary ray in Iceland spar, or as light 
polarized by reflexion, but by C D' like the extraordinary 
ray in Iceland spar. From a great number of experiments, 
I n>und that the light of a wax candle at the distance of 10 
or 12 feet was polarized at the following angles, by the fol- 
lowing number of plates of crown glass. 



iro.arPkitMo( 

CrawnGlM. 


wblrhtlM>«i»ll 
U poliriied. 


Ho. ofPtetMor 
CrawaGlMi. 


ObMrved AoflM »t 
which th« PtMll 
topotariMd. 


8 
12 
16 
21 
24 


79° ir 

74 
69 4 
63 21 

60 8 


31 
35 

41 

47 


57° 10' 
53 28 
50 5 
45 35 
41 41 



It follows from the above experiments, that if we divide the 
number 41*84 by any number ot crown glass plates, we shall 
have the tangent of the angle at which the beam is polarized 
by that number. 

Hence it is obvious that the power of polarizing the re- 
fracted light increases with the an^le of incidence, being no- 
thing or a minimum at a perpendicular incidence, or 0^, and 
the greatest possible or a maximum at 90^ of incidence. I 
found, likewise, by various experiments, that the power of po- 
larizing the light at any given angle increased with the re- 
fractive power of the body, and consequently that a smaller 
number of plates of a highly refracting body was necessary 
than of a refracting body of low power, the angle of incidence 
being the same. 

As Malus, Biot, and Arago considered the beams a, 6, &c., 
before they were completely polarized, as partially polarized^ 
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and as consisting of a portion of polarized and a porti(m of 
unpolarized light ; so, on the other hand, I concluded from the 
following reaisoning that the unpolarized light had suffered a 
physical change, which made it approach to the state of com- 
plete polarization. For since sixteen plates are required to 
polarize completely a beam of light incident at an angle of 
69^, it is clear that eight plates will not polarize the whole 
beam at the same angle, but will leave a portion unpolarized. 
Now, if this portion were absolutely unpolarized like common 
light, it would require to pass through other sixteen plates, at 
an angle of 69°, in order to be completely polarized ; but the 
truth is, that it requires to pass through only eight plates to 
be completely polarized. Hence I conclude that the beam has 
been nearly half polarized by the iirst eight plates, and the 
polarization completed by the other eight This conclusion, 
though rejected by both the French and English philosophers, 
is capable of rigid demonstration, as will appear from the fol- 
lowing observations. 

In order to determine the change which refraction produced 
in the plane of polarization of a polarized ray, I used prisms 
and plates of g'lass, plates of water, and a plate of a highly re- 
fractive metaJiine glass ; and I faand that a refracting suiface 
produced the greatest change at the most oblique incidence, or 
that of 90° ; and that the change gradually diminished to a 
perpendicular incidence, or QP, where it was nothing. I found 
also that the greatest efiect produced by a single plate of glass 
was about 16° 39*, at an angle of 86° ; that it was 3° 54' at an 
angle of 56°, 1° 12' at an angle of 35°, and 0° at an angle 
of 0°.* 

A beam of common light, therefore, constituted as in fig. 
92., No. 1., with each of its planes A B, C D inclined 45° to 

Fig. 9^ 
No. 1. No. 2. No. 3. No. 4. 



the plane of refraction, will have these planes opened 16° SO' 

* The rule for finding tbe ioclination after a single refraction is as fol- 
lows:— Find tbe difference between the angles of incidence and refraction, 
and take the cosine of this difierence. This number will be tbe cotan|[ent 
of tlie ineli nation required ; and twice this inclination will be tbe inchna- 
tion of A B to C D. 



CHAP. XX. FOLABIZATION BT RBFRACTIOIT. 



165 



each, by one plate of glass at an incidence of 86^ ; that is^ 
their inclination, in place of 90^, will be 123^ 18', as in No, 
2. By the action of two or three plates more they will be 
opened wider, as in Na 3. ; and by 7 or 8 plates they will be 
opened to near 180^, or so that A B, C D nearly coincide, as 
in Na 4., so as to form a single polarized beam, whose plane 
of polarization^ is perpendicular to the plane of refraction. I 
have shown, in another place,* that these planes can never be 
brought into mathematical coincidence by any number of re- 
fractions ; but they approach so near to it that the pencil is, to 
all appearance, completely polarized with lights of ordinary 
strength. All the light polarized by refraction is only par- 
tially polarized, and it has the same properties as that which 
is partially polarized by reflexion. A certain portion of the 
light of a beam thus partially polarized, will disappear when 
reflected at the polarizing angle from the {date % Jig, 87. ; 
and this quantity, which I have elsewhere shown how to caV- 
culate, is given in the following table for a single surface of 
glass, wh^ index of refraction is 1-525. 
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Although the quantity of light polarized by refraction, as 
given in the last column of this Table, is calculated by a 
K)rmula essentially different from that by which the quantity 
of light polarized by reflexion was calculated ; yet it is cu- 
rious to see that the two quantities are precisely equal. Hence 
we obtain the following law : — 

When a ray of common light is reflected and refracted by 
any surface, the quantity of light polarized by refraction is 
exactly equal to that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 
be from the experiments of M. Arago. 

When the preceding method of analysis is applied to the 
liffht reflected by the second surfaces of plates, we obtain the 
following curious law : — 

* See PhU. Trarmactions, 183U, p. 137., or Edinburgh Jowmo/ ^ SeinM^ 
N«w SerieB, No. VI.. p. 218. 
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A pencU of light reflected from the eecond surfaces of 
transparent plates, and reaching the eye after ttoo refrac 
lions and an intermediate reflexion, contains at all angles of 
incidence, from 0° to the maximum polarizing angle, a por^ 
lion of light polarized in the plane of reflexion. Above the 
polarizing angle, the part of the pencil polarized in the 
plane of reflexion diminishes, till the incidence becomes 78^ 
T in giass, when it disappears, and the whole pencU has the 
character of common light. Above this last angle the penal 
contains a quantity of light polarized perpendicularly to the 
plane of reflexion, which increases to a maximum^ and then 
diminishes to nothing at 90^.* 

(107.) As a bundle of g^lass plates acts upon light, and po- 
larizes It as effectually as reflexion from the sur&ce of glass 
at the polarizing angle, we may substitute a bundle of glass 
plates m the apparatus, fig, 87., in place of the plates of glas» 
A, R Thus, if A (Jg, 93.) is a bundle of glass plates which 




polarizes the transmitted ray s t, then, if the second bundle B 
IS placed as in the figure, with the planes of refraction of its 
plates parallel to the planes of refraction of the plates of A, 
the ray s t will penetrate the second bundle ; and if « ^ is in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of R If B is now turned round its axis, 
ikie transmitted light v w will gradually diminish, and more 
and more light will be reflected by the plates of the bundle, 
till, after a rotation of 90°, the ray v w will disappear, and all 
the light will be reflected. By continuing to turn round B, 
the ray v w will re-appear, and reach its maximum brightness 
at 180^, its minimum at 270°, and its maximum at 0°, after 
having made one complete revolution. 

By this apparatus we may perform the venr same experi- 
ments with refracted polarized light that we did with reflected 
polarized light in the apparatus of fig, 87. 

We have now described two methods of converting coni- 
mon light into polarized light : 1st, Bv separating by double 
refraction the two oppositely polarized beams which constitute 
common light ; and, 2dly, By turning round, by the action of 

« See PhU. Trans. 1830, p. 145. ; or Edinburgh JmmtU of Sei^itu, No. VI., 
p. 334. New Serief. 
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the reflecting and refracting forces, the planes of hoth these 
beams till they coincide, and thus form hght polarized in one 
plane. Another method still remains to be noticed ; namely, 
to disperse or absorb one of the oppositely polarized beams 
which constitute common light, and leave the other beam po- 
larized in one plane. These effects may be produced by agate 
and tourmaline, &c. 

(106.) If we transmit a beam of common light through a 
plate of agate, one of the oppositely polarized beams will be 
converted into a nebulous light in one position, and the other 
polarized beam in another position, so that one of the polar- 
ized beams with a single plane of polarization is left The 
same effect may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a. particular manner, to produce a 
disroersion of one of the oppositely polarized beams.* 

When we transmit common light through a thin plate of , 
Umrmdline, one of the oppositely polarized beams which con- 
stitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use, 
either in affording a ream of light polarized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. 



CHAP. XXI. 

ON TRB COLORS OF CRYSTALLIZED PLATES IN 
POLARIZED LIGHT. 

(109.) The splendid colors, and systems of colored rings, 
produced by transmitting polarized light through transparent 
bodies that possess double refraction, are undoubtedly the most 
brilliant phenomena that can be exhibited. The colors pro- 
duced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studied with great success by M. Biot and 
other authors. 

In order to exhibit these phenomena, let a polarizing ap- 
paratus be prepared, similar in its nature to that in Jig. 87. ; 
but without the tubes, as shown in fig, 94., where A is a plate 

*See Edinburgh Encyclopadia, vol. xt. pp. 600, 601.; Phil. Traru. 1819, 
p. 146. 

o 
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of glass which polarizes the ray R r, incident upon it at an 
angle ctf 66° 45', and reflects it polarized in the direction r «, 
where it is received by a second plate of glass, B, whose plane 
of reflexion is at right angles to that of the plate A, and 
which reflects it to the eye at O, at an angle of 56° 45'. In 

order that the polarized pencil r s may be sufficiently brilliant, 
' ten or twelve plates of window glass, or, what is better 
still, of thin and well-annealed flint glass, should be substi- 
tuted in place of the single plate A. The plate or plates at 
A are called the polarizing plates^ because their only use is 
to fumi^ us with a broad and bright beam of polarized light 
The plate B is called the analyzing plate, because its use is 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placed between the eye and the 
polarizing plate. 

If the beam of light R r proceeds from the sky, which will 
answer well enough for common purposes, then an eye placed 
at O will see, m the direction O s, the port of the sky from 
which the beam R r proceeds But as rs will be polarized 
light if it is reflected at 56° 45' from A, almost none of it will 
be reflected to the eye at O from, the plate B ; that is, the eye 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are not placed at the 
proper inclinations to each other. When a position is found,, 
either by moving A or B, or both, at which the black spot is 
darkest, the apparatus is properly adjusted. . 

(110.) Having procured a thin film of sulphate of lime or 
mim, between the 20th and the 60th of an inch thick, and 
which may be split by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
shown at C E D F, 90 that the polarized beam r s may pass 
through it perpendicularly. If we now apply the eye at O, 
and look towards the black spot in the direction O «, we shall 
see the surface of the plate of sulphate of lime entirely cov- 
ered with the most brilliant colors. If its thidmess is per- 
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fectly uniform throughout, its tint will he perfectly uniform ; 
but if it has different thicknesses, every oifferent thickness 
will display a different color — some red, some green, some 
blue, and sprae yellow, and all of the most brilliant descrip. 
tion. If we turn the film C E D F round, keeping it perpen- 
dicular to the polarized beam, the colors will become less or 
more bright without changing their nature, and two lines, 
C D, E F at right angles will be found, so that when either of 
them is in the plane of reflexion r « O, no colors whatever are 
perceived, and the black spot will be seen as if the sulphate 
of lime had not been interposed, or as if a piece of common 
glass had been substituted for it It will also be observed, by 
continuing the rotation of the sulphate of lime, that the colors 
again be^in to appear; and reach their greatest brightness 
when either of the lines G H, L K, which are inclined 45° to 
C D, E F, are in the plane of reflexion r » O. The plane R r *, 
or the plane in which the light is polarized, is called the plane 
of primitive polarization ; the lines CD, EF, the neutral 
nxes ; and G H, K L, the depolarizing axes, because they de- 
polarize, or change the polarization of the polarized beam r s. 
The brilliancy or intensity of the colors increases gradually, 
from the position of no color, to that in which it is the most 
brilliant 

Let us now suppose the plate C E D F to be fixed in the po- 
sition where it gives the brightest color ; namely, when G H 
is perpendicular to the plane of primitive polarization R r », 
or parallel to the planer » O, and let the color be red. Let 
the analyzing plate 5 be made to revolve round the ray r «, 
beginning its motion at 0°, and preserving always the same 
inclmation to the ray r », viz. 56° 45'. The brightest red 
being now visible at 0°, when the plate B begins to move from 
its position rfiown in the figure, its brightness will gradually 
diminish till B has turned round 45°, when the red color will 
wholly disappear, and the black spot in the sky be seen. Be- 
yond 45° a faint green will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bright- 
ness at §0°.^ Beyond 90° the green becomes paler and paler 
till it disappears at 135°. Here the red again appears, and 
reaches its maximum brightness at 180°. The very same 
changes are repeated while the plate B passes from 180° 
round to its first position at 360° or 0°. From this experi- 
ment it appears, that when the film C E D F alone revolves, 
only one color is seen ; and when the plate B only revolves, 
two colors are seen during each half of its revolution. 

If we repeat the preceduig experiment with films of differ- 
ent thicknesses, that give different colors, we shall find thai the 
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two colors are always complementary to each other, or to- 
gether make white light 

(111.) In order to understand the cause of these heautiful 
phenomena, let the eye he placed between the film and the 
plate B, ajid it will be seen that the li^ht transmitted through 
the film is white, whatever be the position of the film. The 
separation of the colors is therefore produced, or the white 
' light is analyzed, by reflexion fi*om the plate B. Now, sul- 
phate of lime is a doubly refracting crystal ; and one of its 
neutral axes, C D, is the section of a plane passing through its 
axis, while £ F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes, for 
example E F, to be placed, as in the figure, in the plane of po- 
larization R r 9 of the polarized light ; then this ray will not be 
doubled, but will pass into the ordinary ray of the crystallized 
film ; and fiilling upon B, it will not sufier reflexion. In like 
manner, if C D is brought into the plane Rrs, it will pass 
entirely into the ordinary ray, which, felling upon B, will not 
suffer reflexion. In these two positions of 3ie film, therefore, 
it forms only a single image or beam ; and as the plane of po- 
larization 01 this image or beam is at right angles to the plane 
of reflexion from B, none of it is reflected to the e^e at O. 
But in every other position of the doubly refracting film 
O E P F, it forms two images of diflTerent intensities, as may- 
be inferred from Jig, 86. ; and when either of the depolarizing 
axes G H or K L is in the plane of primitive polarization, the 
two images are of equal brightness, and are polarized in op- 
posite planes ; one in the plane of primitive polarization, and 
the other at right angles to it Now, one of these images is 
redf and the other green, for reasons which will be afterwards 
explained ; and as 3ie green is polarized in the plane of primi- 
tive polarization Rrs, it does not suflTer reflexion from the 
plate B ; while the red, being polarized at right angles to that 
plane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90^ the red will 
not sufier reflexion fix>m it ; while the green will sufier re- 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light trans- 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and 
refusing to reflect the other hal^ which is polarized in an op- 
posite plane. If the two beams had been each white light, as 
they are in thick plates of sulphate of lime, in place of seeing 
two different colors during the revolution of the plate B, the 
r^ected pencil s O would have undergone diflTerent variations 
of brightness, acceding as the two oppositely polarized beams 
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of white light were more or less reflected by it ; the positions 
of greatest brightness being those where tne red and green 
colors were the brightest, and the darkest points being those 
where no color was visible. 

(112.) The analysis of the white beam composed of two 
beams of red and green light, has obviously been effected by 
the power of the plate to rejUect the one and to transmit or 
refract the other ; but the same beam may be analyzed by va- 
rious other methods. If we make it pass through a rhomb of 
calcareous spar sufficiently thick to separate by double refrac- 
tion the red from the green beam, we shall at the same time 
see both the colored li^ams, which we could not do in the for- 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the plate B, and sub- 
stitute for it a rhomb of calcareous spar, with its principal sec- 
tion in the plane of reflexion r » O, or perpendicular to the 
plane of primitive polarization R r », and let the rhomb have 
a round aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the film 
C E D F, and the eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary one 
having vanished. Replace the film, with its neutral axes as in 
the figure, parallel and perpendicular to the plane Rrs, and 
no effect will be produced ; but if either of the depolarizing 
^axes are brought into the plane R r », the ordinary image of 
the aperture will be a brilliant red^ and the extraordinary 
image a brilliant green ; the double refraction of the rhomb 
having separated these two differently colored and oppositely 
polarized beams. By turning round the film, the colors will 
vary in brightness ; but the same image will always have the 
same color. If we now keep the film fixed in the position 
that gives the finest colors, and move the rhomb of calcareous 
spar round, so that its principal section shall make a complete 
revolution, we shall find that, aff;er revolving 45° from its first 
position, both images become white. After revolving 90°, the 
ordmary image that was formerly red is now green, and the 
extraordinaiy image that was formerly green is now red. The 
two images become again white at 135°, 225°, and 315° ; and 
at 180°, the ordinary image is again red, and the extraordi- 
nary one green ; and at 270°, the ordinary image is green, 
and the otoer red. 

If we use a large circular aperture on the face of the 
rhomb, the ordinary and extraordinary images O, E will over- 
lap each other, as in fig, 95. ; the overlapping parts at F G 
being pure white light, and the parts at C and D having the 
02 
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colors above described. This experiment afibrds ocular de- 
monstration that the two colors at C and D are comple- 
n^entary, and form white light 

The analysis of the compound beam transmitted by the sul- 
phate of lime may also be effected by a plate of agate, or by 

• fig. 95. 




any of the crystals, artificially prepared for the purpose of 
dispersing one of the component beams. The a^te being 
placed between the eye and the film C E D F, it will disperse 
mto nebulous light the red beam, and enable the ereen one to 
reach the eye ; while in pother position it will scatter the 
green beam, and allow the red light to reach the jeye. With 
a proper piece of agate this experiment is both beautifiil and 
instructive ; as the nebulous light, scattered round the bright 
image, will be green when the distinct image is red, and red 
When the distinct image is green. 

The analysis may also be effected by the absorption of tour- 
tndline and other similar substances. In one positicm the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and suffers the 
freen to pass. The yellow color of the tourmaline, however, 
IS a disadvantage. 

The analysis may also be performed b^ a bundle of glass 
plates, such as A or B, Jig, 03. In one position such a bundle 
will transmit all the red, and reflect all the green ; while in 
another pNOsition it will transmit all the green, and rejlect all 
the red, in the opposite manner, but according to the same 
rules as the analyzing plate B, fig, 94. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been supposed such as to g^ive a red and a 
green tint ; but if we take a film 0*00046 of an English inch 
thick, and place it at C E D F in fig, 04., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever^ be the position of the film. A film 0*00124 thick will 
give the white of the first order in Newton's scale of colors, 
given in p. 03 ; and a plate 0*01818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
of all the colors. Films or plates oi intermediate thicknesses 
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between 0-00124 and 0*01818 will ffive all the intermediate 
colors in Newton's Table between tne white of the first order 
and the white arising from the mixture of all the colors. That 
is, the colors reflected to the eye at O will be those in column 
2d, while the colors observed by turning round the plate B 
will be those in column 3d ; the one set of colors correspond- 
ing to the reflected tints, and the other to the transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in the 
Table, we must have recourse to the numbers in the last col- 
umn for glass, which has nearly the same refractive power as 
sulphate of lime. Suppose it is required to have the thickness 
which corresponds to tne red of the first spectrum or order of 
colors. The number in the column for glass, opposite red, is 
5} ; then, since the white of the first order is produced by a 
fiun 0-00124 of an inch thick, the number corresponding to 
which is 3 f in the column for glass, je^e say, as 3} is to 5|, so 
is 0-00124 to 0^00211, the thickness which will give the red 
of the first order. In the same ma^er, bv having the thick- 
ness of any film of this substance, we can determine the color 
which it will produce. ' 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of sulphate of lime, 
with its thickness varying from 0*00124 to 0-01818 of an inch, 
we should observe at once all the colors in Newton's Table in 
parallel stripes. An experiment of the same kind may be 
made in the following manner : — Take a plate of sulphate of 
lime, M N, fy. 06., whose thickness exceeds 0*01818 of an 




inch. Cement it with isinglass cii a plate of glass; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tool a concave or hollow surfiice between A and B, turning it 
so thin at the centre that it either begins to break or is on the 
** eve of breaking. If the plate M N is now placed in water, 
the water will after some time dissolve a small portion of its 
substance, and polish the turned sur&ce to a certain degree. 
If the plate is now held at C E D F.fig. 94., we shall see all 
the colors in Newton's TaUe in the form of concentric rings, 
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BB fitKimk in the figure. If the thickness diminishes rapidly 
the rings will he closely packed together, hut if the turned 
surface is large, and the thickness diminishes slowly, the col- 
ored hands will he hroad. In place of turning out the con- 
cavity, it might be done hetter by grinding it out, by applying 
a convex surfiice of great radius, and using the finest emery. 
When the plate M N is thus prepared, we may give the most 
perfect polish to the turned surmce by cementing upon it a 
plate of glass with Canada balsam. The balsam will dry, and 
Che plate may be preserved for any length of time. 

By the method now described, the most beautiful patterns, 
such as are produced in bank-notes, &c., may be turned upon 
a plate of sulphate of lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compose the pattern 
may be turned to different depths, so as to leave different 
thicknesses of the mineral, and the ctoovcs of different depths 
will all appear as different colors, when the pattern is held in 
the apparatus in Jie. 94. Colored drawings of figures and 
landscapes hiay in like manner be executed, by scraping away 
the mineral to the thickness that will give the required colors ; 
or the effect may be produced by an etching ground, and 
using water and other fiuid solvents of sulphate of lime to 
reduce the mineral to the required thicknesses. A cipher 
may thqs be executed upon the mineral ; and if we cover 
the surikce upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refractive power as 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read in polarized light, when placed at 
CEDFin/g^.04. 

As the colors produced in the preceding experiments vary 
with the different thicknesses of the body which produces 
them, it is obvious that two films put together, as they lie in 
the crystal with similar lines coincident or parallel, will pro- 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the two 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose number in the last column in Newton's 
Table, p. 93., is 5J, while the other gives the red of the 2d 
order, whose number is llf ; then by aSding these numbers, we 
get 17, which corresponds in the Table to greenish yellow of the 
dd order. But if the two plates are crossed, so that similar lines 
in the one are at right angles to similar lines in the other, 
then the tint or color which they produce will be that which 
belongs to the difference of their thicknesses. Thus, in the 
present case, the difference -oi the above numbers is 6}, which 
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corresponds in the Table to a reddish violet of the second 
order. If the plates which are tjlius crossed are equally thick, 
and produce the same colors, they will destrw each other's 
effects, and blackness will be produced ; the difference of the 
numbers in the Table being 0. Upon this principle, we may 
produce colors by crossing plates of such a thickness as to 
give no colors separately, provided the difference of their 
thickness does not exceed 0*01818 ; for if the difference of 
their thickness is greater than this, the tint wi^ be white, and 
beyond the limits of the Table. 

If the polarized light employed in the preceding experi- 
ments is homogeneous, then the colors reflected from the plate 
B will always be those of the homogeneous light employed. 
In red light, for example, the colors or rather shades which 
succeed each other, with different thicknesses of the mineral, 
will be red at one thickness, black at another, red at another, 
and black at another, and so on with all the different colors. 

If we place the specunen shown in Jig. 96. in violet light, the 
rings A B will be less than in red light; and in intermediate 
colors they will be of intermediate magnitudes, exi^ctly as in 
the rings of thin plates formerly descril^d. When white light 
is used, all the different sets of rings are combined in the ve/ty 
same manner as we have already explained, in thin plates of 
air, and will form by their combinations the various colored 
rings in Newton's l^ble. 



CHAP. xxn. 

ON THE SYlGrTEH OF COLORED RINGS IN GRT9TAUI WITH 
ONE AXIS. 

(114.) In all the preceding experiments the film C E D F 
must be held at such a distance from the eye, or from the plate 
B, that its surface may be distinctly seen, and in the apparatus 
used by different philosophers this distance was consiaerable. 
In the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in^^. 94., between the crystal and 
the eye, to reflect the light transmitted through the crystal. 
By this means I discovered the systems, of rings formed along 
the axes of crystals with one and two axes, which form the 
most splendid phenomena in optical science, and which by 
their analysis have led philosophers to the most important di4* 
coveries. 
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Fig. 97. 



I discovered them in ruby, emerald, topaz, ice, nitre, and a 
great variety of other bodies, and Dr. Wollaston afterwards 
observed them in Iceland spar. 

In order to observe the system of rings round a single axis 
of double refraction, grind down the summits or obtuse angles 
A X of a rhomb of Iceland spar,^^. 72., and replace them by 
plane and polished surfaces perpendicular to the axis of double 
refraction A X. But as this is not an easy operation without 
the aid of a lapidary, I have adopted the following method, 
which enables us to transmit light along the axis A X without 
injuring the rhomb. Let C D £ F,^^. 97., be the principal 
section of die rhomb; cement upon 
its surfaces C D, F £, with Canada 
balsam, two prisms, D L K, F G H, 
having the angles L D K, G F H 
each equal to a£)ut 45° ; and by let- 
ting fall a ray of light perpendicu- 
larfy upon the face D L, it will pass 
iE along the axis A X, and emerge per- 
pendicularly through the face F G. 
^ Let the rhomb thus prepared be held 

in the polarized beam r 8,fig. 94., so that r s may pass along 
the axis A X, and let it be held as near the plate B as possible. 
When the eye is held very near to B, and looks along O 9 as 
it were through the reflected image of the rhomb C E, it will 
perceive along its axis A X a splendid system of colored rings 
resembling that shown in fig. 98., intersected by a rectangular 

Fig. 99. 





black cross, A B C D, the arms of which meet at the centre 
of the riujifB. The colors in these rings are exactly the same 
as those in Newton*s Table of colors, and consequently the 
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same as the system of rings seen by reflexion from the plate 
tif air between the object glasses. If we turn the rhomb 
round its axis, the rings will suffer no change ; but if we fix 
the rhomb, or hold it steadily, and turn round the plate B, 
then, in the azimuthsU)^ 900, 180°, and 270^ of ite revolution, 
we shall see the same system of rings; but at the intermediate 
azimuths of 45^ 135°,. 225°, and 315^ we shall see another 
system, like that in^. 99., in which all the colors are com- 
plementary to those in^. 96., being the same as those seen 

Fig. 99, 




in the rmgs formed by transmission through the plate of air* 
The superposition of these two systems of rings would repro 
duce white light 

If, in place of the glass plate 6, we substitute a prism of 
calcareous spar, that separates its two images greatly, or a 
rhomb of great thickness, we shall see in the ordinary image 
the first system of rings, and in the extraordinary ima^e the 
second system of complementary rings, when the prmcipd 
section of the prism or rhomb is in the plane r « O as formerly 
described. 

As the light which forms the first system of rings is polarized 
in an opposite plane to that which rorms the second system, 
we may disperse the one system by a^ate, or absorb it by 
tourmaline, and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position of the agate or the tourmaline. 

If we split the rhomb of calcareous spar, Jf^. 97., into two 
plates by the fissure M N, and examine the rings produced by 
each plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
ness of the plate diminishes. It will also be found that the 
circular area contamed within any one ring is to the circular 
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area of anj other ring, as the number in Newton's Table cor- 
responding to the tint of the one ring is to the number corre- 
sponding to the tint of the other. 

If we use homogeneous light, we shairfind that the rings 
are smallest in vuSet light and largest in red light, and of in- 
termediate sizes in the intermediate colors, consisting always 
of rings df the color of the light employed, separated by black 
rings. In white light all the rings formed by the seven diA 
ferent colors are combined, and constitute the colored system 
above described, according to the principles which were fully 
explained in Chapter XII. 

(115.) All the other crystals which have one axis of double 
re&action, give a similar system of rings along their axis of 
double refraction ; but those produced by the positive crystals,, 
such as zircon^ ice, &c., though to the %ye they differ in no 
respect from those of the negative crystals, yet possess di^ 
ferent properties. If we take a system of rmgs formed by ' 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an effect which might have b^n 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we combine two plates of negative crystals, such as Ice- 
land spar and heryl, the system of rings which they produce 
will be such as would be formed by two plates of Iceland spar^ 
one of which is the plate employed, and the other a plate 
which gives rings of the same size as the plate of beryl. But 
if we combine a plate of a negative cirstal with a plate of a 
positive crystal, such as one of Iceland spar with one of zir^ 
con or ice, the resulting system of rings, in place of arising 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the differ- 
ence of the thicknesses of the plate of Iceland spar employed, 
and another plate of Iceland spar that would ^ive rings of the 
same size as those produced by the zircon or ice. 

These experiments of combining rings are not easily made, 
unless we employ crystals which have external faces perpen- 
dicular to the axis of double refraction, such as the variety of 
Iceland spar called spath calcaire basee, some of the micas 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to coincide, by placing between them, 
at their edges, two or three small pieces of soft wax, by press- 
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ing which in different directionsy we may produce a sufficiently 
accurate coincidence of the systems of rings to establi^ the 
preceding conclusions. • 

If> when two systems of rings are thus combined, either 
both negative or both positive, or the one negative and the 
other positive, we interpose between the plates which produce 
them crystallized i&Ims of sulphate of lime or mica, we shall 
produce the most beautiful changes in the form and character 
of the rings. This experiment I found to be particularly 
splendid when the film was placed between two plates of the 
spath caUaire basee of the same thickness, and taken from the 
same crystal. By fixing them permanently with their &ces 
parallel, and leaving a sufficient interval between them for 
the introduction of films of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
rings were no longer symmetrical round their axis, but exhib- 
ited the most beautiful variety of forms during the rotation of 
the combined plates, all of which are easily d^ucible from the 
general law^f of double refraction and polarization. 

The table of crystals that have negative double refraction 
shows the bodies that have a negative system of rings ; and 
the table of positive crystals indicates those that have a posi- 
tive system of rings. 

(116.) The following is the method which I have used for 
distinguishing whether any system of rings is positive or 
negative. Take a film of sulphate of lime, such as that shown 
at C E D F, fiff. 94., and mark upon its surface the lines or 
neutral axes VD, £ F as nearly as may be. Fix this film by 
a little wax on the surface, L D or F (j. Jig, 97., of the rhomb 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
combined with the rhomb, obliterate part of the red ring of 
the second order, either in the two quadrants A C, B D, Jig, 
98., or in the other two, A D, C B. Let it obliterate the red 
in A C, B D ; then if the line C D,Jig. 94., of the film crosses 
these two quadrants at right angles to the rings, it will be the 
principal axis of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line E F, which crosses the 
quadrants A C, B D, will be the principal axis of sulphate of 
lime, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal axis. 
Then, if we wish to examine whether any other system of 
rings is positive or negative, we have only to cross the rings 
wi3i the axis C D, by interposing the film : and if it obliter- 
ates the red ring of the second order in the quadrant which it 
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ooflBes, the system will be negative ; but if it obliterates the 
same ring in the other two quadrants which it does not cross, 
then the system ^will be positive. It is of na consequence 
what color the film polarizes, as it will always obliterate the 
tint of the same nature in the system pf rings under exam- 



(117.) In order to explain the formation of the systems of 
rings seen along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of double refrac- 
tion or the axis of the rines. We have already shown how 
the tint or color varies vfdth the thickness of the crystallized 
body, and how, when we know the color for one thickness, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of inclinati<in to the 
axia It is obvious that abng the axis of the crystal, where 
the two black lines A B, C D^fig. 98.^ cross each other, there 
is neither double refraction nor color. When the polarized 
ray is slightly inclined to the axis, a faint tint appears, like 
the blue m the first order of Newton's scale ; and as the inclir 
nation gradually increases, all the colors in Newton's table are 
product in succession, from the very black of the first order 
up to the reddish white of the seventh order* . Here, then^ it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thiclmess ; so 
tluLt if the light always passed through the same thickness of 
the mineral, the different colors of the scale would be pro- 
duced by difference of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Nevrton's table, vary as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently, the similar tints will be at 
eqiml distances from the axis of the rings, or the lines of equal 
tint or rings will be <;ircles whose centre is in the axis. Let 
us suppose that at an inclination of 20° to the axis we observe 
the blue of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45°, The sine 
of 90° is -5, and its square -25. The sine of 45° is •7071,aiid 
its square .5. Then we say, as '25 is to 9, so is '5 to 18, which 
in the table is the numerical value of the reJ of the third 
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order. If we suppose the thickness of the mmeral to be in- 
creased at the inclinations 30^ and 45°, then the numerical 
value of the ^int would increase in the same proportion. 

It is obvious from what has been said, that tiie polarizing 
ibrce, or that which produces the fings, vanishes when the 
double refraction vanishes, and increases and diminishes with 
the double refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of double re-^ 
fraction; and we accordingly find that crystals with high* 
double refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
the axis. In order to cbmpare the polarizing intensities of 
different crystals, the best way is to compare 3ie tints which 
they produce at right angles to the axis where the force of 
double refraction and polarization is a maximum, and with a 
given thickness of the mineral. Thus, in the case ^iven 
above, we may find the tint at right angles to the axis, by 
taking the square of the sine of 90°, which is 1 ; so that we* 
have the following proportion : as *25 is to 9, so is 1 to 86, the 
value of the maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value of 9 
was produced at an inclination of 30°. If we have measured 
the thickness of Iceland spar at which the tint 9 was produced, 
we are prepsLred to compare the polarizing intensity of Iceland 
spar with that of tmy other mineral. Thus, let us take a plate 
of quartz, and let us suppose that at an inclination of 30°, 
and with a thickness fifty-one times as great as that of the 
plate of Iceland spar, it produces a yellow of the first order, 
whose value is about 4 Then to find the tint at 90°, or at 
right angles to the axis, we say, as the square of the sine of 
30°, or 55, is to 4, so is the square of the sine of 90°, or 1, to 
16, the tint at 90°, or the green of the third order. Now the 
polarizing power or intensity of the Iceland spar would have 
been to that of the quartz as 36 to 16, or 2^ times as great, if 
the thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multidied by 2J times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the following have been 
given by Mr. Herschel : — 
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Polarizing Itttermtiea of Crystals unth One Axis. 



Iceland spar - - - 
Hydrate of strontia - 
Tourmaline - - - 
Hyposulphate of lime - 
Quartz ..... 
ApopbyUite, Ist variety 
Camphor .... 
Vesuvian .... 
Apophyllite, 3d variety 
3d variety • 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



0-U00028 
0-000802 
0-001175 
0-002129 
0-003024 
0-009150 
0-009856 
0-024170 
0-030374 
0-366620 



The above measures are suited to yellow light, and the 
numbers in the second column show the proportions of the 
thicknesses of the different substances that produce the same 
tint The polarizing force of Iceland spar is so enormous at 
right angles to the axis, that it is almost impracticable to pre- 
pare a film of it sufficiently thin to exhibit the colors in New- 
ton^s table. 



CHAP. xxm. 

ON THE 8T8TEMS OF COLORED RINGS IN CRTflrTALS WITH 
TWO AXES. 

(118.) It was long believed that all crystals had only one 
axis of double refraction ; but, afler I discovered the double 
system of rings in topaz and other minerals, I found that these 
minerals had two axes of double refraction as well as of polar- 
ization, and that the possession of two axes characterized the 
great body of crystals which are either formed by art, or 
which occur in the mineral kingdom. 

The double system of rings, or rather one of the sets of the 
double system of rings in topaz, first presented itself to me 
when I was looking along the axis of topaz, which reflected a 
part of the light of the sky that happened to be polarized, so 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, however, 
the axes of double refraction are so much inclined- to one an- 
other, that we cannot see the two systems of rings at once. I 
shall therefore proceed to explain fiiem as exhibited by nitre^ 
in which I also discovered them and examined many of their 
properties. 
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Nitre, or saltpetre, is an artificia] substance which crystal- 
lixes in six-sided prisms with angles of about 120^. It beloags 
to the prismatic sjrstem of Mohs, and has therefore two axes 
of double refraction along which a ray of light is not divided 
into twa These axes are each inclined about 2^^ to the axis 
of the prism, and about 5^ to each other. If, therefore, we cut 
off a piece of a prism of nitre with a knife driven by a smart 
blow from a hammer, and polish two flat surfaces perpendicu- 
lar to the axis of the prism, so as to leave a thicbiess of the 
sixth or eighth of an inch, and then transmit the polarized 
light r 8, fig. 94., along the axis of the prism, keeping the 
crystal as near to the j^ate B as possible on one side, and the^ 
eye as near it as possible on the other, we shall see the double 
system of rings, A B, shown in^. 100., when the plane pass- 
ing through we two axes of nitre is in the plane of primitwe 



Fig. 100. 



Fig. 101. 





polarization, or in the plane of reflexion r » O, fig, 94., and 
the system shown in^^. 101. when the same plane is mclined 
45° to either of these planes. In passing from the state of 
fig. 100. to that o^fig. 101., the black liijcs assume the forms 
ihown mfigs. 102. and 103. 

These systems of rings have, generally speaking, the same 
colors as those of thin plates, or as those of the systems of 
irings round one axis. The orders of colors commence at the 
P2 
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centres A and B of each system ; but at a certain distance, 
which mjig. 100. corresponds to tiie sixth ring, the rings, in 



Fig.m. 



Fig. 103. 





place of retummg and encircling each pole A and B, encir- 
cle the two poles as an ellipse does its two foci. 

When we diminish the thickness of the plate of nitre, the 
rings enlarge ; the fifth tins will then surround both poles. 
At a less thickness, the fourm ring will surround them, till at 
last all the rings will surround bo3i poles, and the system will 
have a great resemblance to the system surrounding one axis. 
The place of the poles A, B never changes, but the black 
lines A B, C D become broad and indefinite ; and the whole 
system is distinguished from the single system principally by 
the oval appearance of the rings. 

If we increase the thickness of the nitre, the rmgs will di- 
minish in size ; the colors will lose their resemblance to those 
of Newton's scale; and the tints do not commence at the 
poles A, B, but at virtual poles in their proximity. The color 
of the rings within the two poles is redj and without them 
blue ; and the great body of the rings is pink and green. 

As the same color exists in every part of the same curve, 
the curves have been called isochrwnatic lines, or lines of 
equal tint. The lines or axes along which there is no double 
refraction oj polarization, and whose poles are A, B, ^. 100., 
have been called optical axes, or axes of no polarization, or 
axes of compensation^ or resultant axes ; because they have 
been round m)t to be real axes, but lines along which the op- 
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posite actions of other two teal axes have been compensated, 
or destroy one another. 

(Il9.) In various crystallized bodies, such as nitre and ar- 
ragonite, where the inclination of the restdtant axes, A, B, 
Jig. 100., is small, the two systems of rings may be easily 
seen at the same time; but when the inclination of the result- 
ant axes is great, as in topaz, sulphate of iron, &c., we c|ui 
only see one of the systems of rings, which may be done most 
advantageously by grinding and polishing two parallel faces 
perpendicular to the axis of the rings. In mica and topaz, 
and various other crystals, the plane m most eminent cleavage 
is equally inclined to the two resultant axes ; so that in such 
bodies the systems of rings may be readily found and easily 
exhibited. 

Let M N, for example, ^^.'104., be a plate of topaz, cut or 
split so as to have its face perpendicular to the axis of the 




Fiff' 105. 



prism in which this body crystallizes. If we place this plate, 
Jig, 104., in the apparatus Ji^. 94. so that the polarized ray r «, 
Jig. 94., passes along the line A B e E, 
Jig. 104., and if the eye receives this 
ray when reflected from the analyzing 
plate B, it will see in the direction of 
that ray a system of oval rings, like 
that in^^. 105. In like manner, if 
the polarized light is transmitted along 
tlie line C B d D, the eye will see an- 
other system perfectly similar to the 
first. The lines ABcEandCBdD 
are, therefore, the resultant axes of 
topaz. The angle ABC will be found 
equal to about 121^ 16' ; but if we 
compute the inclination of the refi*act- 
ed rays Bd,Be, we shall find it, or 
the angle c2 B ie, to be only 65° ; which 
is, therefore, the inclination of the op^ 
tiedl or resultant axes of topaz. 
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If we suppose the plate of nitre fixed in any of the poeitioDs 
which give any of the rings shown in Jigs. 100, 101, 102, or 
108., then, if we turn round the plate B, we shall observe in 
the azimuths of 90° and 270° a system of rings complement- 
ary to each, in which the black cross in^^. 100. and the 
black hyperbolic curves in Jigs. 101. 108. are white, all the 
other dark parts light, and the red green^ the gre&i red^ &c 
as in the single system of rings with one axi& 

In the preceding observations we have supposed the polari" 
zation of the incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
Gertaio cases they may be shown by common light with the 
analyzing plate, or by polarized lig)it without the analyzing 
plate B, and in some cases without either the light being po- 
larized or analyzed. If in topaz, for example, ^. 104., we 
allow cixnmoa light to fall in the direction A B, so as to be 
refracted along B e, one of the resultant axes, and subsequently 
reflected at e from the second sur&ce, and reaching the eye 
at c, we shall see, after reflexion from the analyzing plate, 
the system of rings in Jig, 105. ; or if A B is polariz^ light, 
the rings will be seen by the eye at c without an analyzing 
* plate. There are several other curious phenomena seen under 
these circumstances, which I have clescribed in the FhiL 
transactions for 1814, p. 203. 211. 

I have found some crystals of nitre which exhibit their 
rin^ without the use either of polarized light or an analyzing 
plate ; and Mr. Herschel has found the eame property in some 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by polar- 
ized hoinogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals ; t£e curves having 
always the color of the light emplo}/^. In many crystals the 
difierenee in the size of the rin^ seen in different colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place; but Mr. Herschel £)und that there 
were crystals, such as tartrate of potash and soda, in whidi 
the variation in the size of the rings was enormous, being 
greatest in red, and least in violet li^ht, and m which the 
distance A '^^Jigs. 100. iOl., or the inclmationof the resultant 
axes, varied from 66° in violet light to 76° in red, the inclina- 
tion having intermediate values for intermediate colors, a^id 
the centres of all the different 'systems lying in the line A B. 
When all these systems of rings are combined, as they are in 
iisin^ white light, the system of rings which thev form is ex- 
ceedingly irregular, the two oval centres, or the halves of the 
£rst oraer of colors, being drawn out with long spectra 4X 
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tails of red, fifreen, and violet light, and the ends of all the 
otlior ringd hoing red without the resultant axes, and blue 
within. 

Mr. Horschel found other crystals in which the rings are 
smallest in red^ and largest in blue light, and in which the 
inclination of the axes or A B is least in red, and greatest in 
violet light 

In all crystals of this kind, the deviation of the tints, or the 
colors of the rings seen in white light, from Newton's Table 
is very considerable, and may be calculated from the preceding 
principles. This deviation I found to be very great, even in 
crystals with one axis of double refraction and one system of 
rings, such as apophyUite where the rings liave scarcely any 
other tints than a succession of greenish yellotD^ and reddish 
purple ones. By viewing these rings in homogeneous light, 
Mr. Herschel has found that the system is a negative one for 
the rays at the one end of the spectrum, a positive one for the 
rays at the other end of the spectrum, and that there are no 
rings at all in yellow li^ht 

A similar and equally curious anomaly I have found in 
glauberite, which is a crystal which has two axes of double 
refraction, or two systems of rings for red light, and one nega- 
tive system for violet light 

(121). All the singularities of these phenomena disappear, 
and may be rigorously calculated by supposing the resultant 
axes of crystals wheire there are two, or tlie single axis where 
there is one, with a system of rings deviating from Newton's 
scale, as merely apparent axes, or axes of compensation, pro- 
duced by the opposite action of two or more rectangular axe^, 
the principal one of which is the line bisecting the angle 
formed by the two resultant axes. Upon this principle, I have 
shown that all the phenomena presented by such crystals may 
be computed with as much accuracy as we can compute the 
motions of the heavenly bodies. 
The method of doing this may be understood from the fi)l- 
Fiff. i6«. lowing observations. Let A C B D, 

A Jig. 106., be a crystal with two axes 

'^ " turned into a sphere. Let P, P be the 

poles of the axes, O the point bisecting 
them, and A B a line passing througli 
]d O, and perpendicular to C D, a line 
passing through P, P. Let us suppoto 
an axis to pass through O, perpendicu- 
lar to the plane A B D, then we may 
account for all the phenomena of such 
eiystals, by supposing the taxis at O to be the principal one, 
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and the other axis to be along either of the diameters A B or 
CD. If we take C D, then the axes O and C D must be both 
of the same name, either both positive or both negative ; but 
if we take A B, the axes must be one postHve and the other 
negative ; or, what is perhaps the simplest supposition for il- 
lustration, we shall suppose the two rectan^lar axes which 
produce all the phenomena to be A B, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the sphere, then 
P, P are the points where the axis A B destroys the e£^ct of 
the axis C D ; that is, where the tints produced by each axis 
must be equal and opposite. Now, if we suppose the arch 
C P to be 60^^, then, since A P is 90^, it follows that the axis 
C D produces at 60^ the same tint that A B does at 90^, and 
consequently the polarizing intensity of C D will be to that 
of A B as the square of the sine of 90^ is to the square of the 
sine of 6(F, or as 1 to 0-75, or as 100 to 75. The polarizing 
force of each axis being thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, by the method formerly ex]riain- 
ed. Let £ be anv point on the surface of the sphere, and let 
the tints produced at that point be 9, or the blue of the second 
order, by C D, and 16, or the green of the third order, hv A R 
Let tJie mclination of the planes passing through A E!^ C £, 
or the spherical angle C E A be determined, then the tint at 
the point E will correspond to the diagonal of a parallelogram 
whose sides are 9 and 16, and whose ande is double the angle 
C E A. This law, which is general, and applies also to double 
refraction, has been confirmed by Biot and Fresnel, the last 
of whom has proved that it coincides rigorously with the 4aw 
deduced from the theory of waves. 

If the axes A B, C D are equal, it follows that they will 
produce the same tint at equal inclinations ; that is, thev will 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored ringfs, the very same as if 
O were a single axis of double refraction of an opposite name 
to A B, C D. If the axis A B has exactly the same propor- 
tional action that C D has upon each of the differently colored 
rays, a compensation will take place for each color exactly at 
O, the centre of the resultant systems of rings, and the colors 
will be exactly those of Newton's scale. But if each axis ex- 
ercises a different proportional action upon the colored rays, a 
compensation will take place at O for some of the rays (for 
violet, for example), while the compensation fer red will take 
place on each side of O ; consequently, in such a case the 
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crystal will have one axis for violet light, and two ares for red 
light, like giauberite. 

The phenomena of apophyllite may, in a similar manner, 
be explained by two equal negative axes^ A B, C D, and a 
positive axis at O. * ^ 

According to this method of combining the action of dif- 
ferent rectan^lar axes, it follows that three equal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the sphere, and thus produce the 
very same effect as if the crystal had no double refraction and 
polarization at all. Upon this principle I have explained the 
absence of double refraction in all the ci^stals which form the 
tesBular ^stem of Mohs, each of the primitive forms of which 
has actually three similarly situated and rectangular axe& If 
one of these axes is not precisely equal to the other, and the 
crystallization not perfectly \iniform, traces of double refrac- 
tion will appear, which is found to be the case in muriate of 
$oda, diamond^ and other bodies of this class. 

(122.) The following table contains the polarizing inten- 
sities of some crystals with tiDO axes, as given by Mr. Her- 
Bcbel : — 

Pciarixing Intenaities of CryttaU with Two Axes, 





Value or 

hithMt 

Tint. 


ThioknMMK UMt 


Nitre - - - - - - 


7400 

1900 

1307 

521 

249 


0-000135 
0-000526 
0*000765 
0-001920 

0-004021 


Anhydrite, inclination of axes 43° 48' 
Mica, inclination of axes 45*^ ... 

Sulphate of baryta 

Heolandite (white), inclination of> 
8X68 540 17' J 



CHAP. XXIV. 

INTERFERENCE OF POLARIZED UOHT.— ON THE CAUSE OF THE 
COLORS OF CRYSTALLIZED BODIES. 

(123.) Having thus described the principal phenomena of 
the colors produced by regularly crystallized bodies that pos- 
sess OTie or ttDO axes of double refraction, we shall proeeea to 
explain the cause of th^se remarkable phenomena. 

Dr. Young had the great merit of applying the doctrine of 
interference to explain the colors produced by double refrac- 
tion. When a pencil of light 0Ui upon a thin plate of a 
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doubly refracting crystal, it is separated into two, which more 
through the plate with different velocities, corresponding to 
the difl^rent mdices of refraction for the ordinary and extra- 
ordinary ray. In calcareous spar, the ordinary rav moves 
with greater Velocity than the extraordinary one ; aria there- 
fore Uiey ought to interfere with one another, and in homo- 
geneous light produce rings consisting of bright and dark cir- 
cles round the axis of double refraction. According to this 
doctrine, however, the rings ought to be produced in common 
as well as in polarized light; but as this was not the case. Dr. 
Young^s ingenious hypo^esis was lon^ neglected. The sub- 
ject was at last taken up by Messrs. Fresnel and Arago, who 
displayed great address in their investigation of the subject, 
and succeeded in showing how the production of the rings de- 
pended on the polarization of the incident pencil and its sub- 
sequent analysis by a reflecting plate or a doubly refracting* 
prism. 

The following are the laws of the interference of polarized 
light as discovered by MM. Fresnel and Arago : — 

1. When two rays polarized in the same plane interfere 
with each other^ they wiU produce by their interference fringes 
of the very same kind as if they were common light. 

This law may be proved by repeating the experiments on 
the inflexion of light, mentioned in Chap. XL, in polarized in 
]^ace of common light ; and it will be found that the very 
same fringes are prcSuced in the one case as m the other. 

2. When two rays of light are polarized at right angles 
to each other ^ they produce no colored fringes in tKe same dr^ 
cumstances under which two rays of common light would 
produce them. When the rays are polarized at angles inter- 
mediate between 0° and 90°, they produce fringes of inter- 
mediate brightness, the fringes being totally obliterated at 
90°, and recovering their greatest brightness o^ 0°, as in 
Law 1. 

In order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two fine ^lits in a thin 
f>late of copper, he placed the copper behind the focus F of a 
ens, as in fig, 56., and received the shadow of the copper 
upon the screen C D, where the fringes produced by the inter- 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the friiyes more accurately, he 
viewed them with an eye-glass, as formerly, described. He 
next prepared a bundle of transparent plateik, like either of 
those shown at A and Bjfig. 93., made of fif\ieen thin films of 
mica or plane glass^ and he divide<} this bundle into two, by 
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a sharp cutting instrument' At the line of division these 
bundles had as nearly as possible the same thickness, and they 
were capable of polarizing completely light incident upon 
them at ati angle of 30^. These bundles were then placed 
be&re the slits so as to receive and transmit the rays from the 
focus F at an incidence of 30^, and through portions of the 
mica in each bundle that were very neap to each other pre- 
vious to their separation. The bundles were also fixed to re- 
volving frames, so that, by turning either bundle round, their 
planes of polarization could be made either parallel or at ri^ht 
angles to each other, or could be inclined at any intermediate 
angle. When the bundles were placed so as to polarize the 
rays in parallel planes, the fringes were formed by the slits 
exactly as when the bundles were removed; but when the 
rays were polarized at 90^, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared with intermediate degrees of brightness. 

3. T\do rays <ynginaUy polarized at right angles to each 
other may he sitbsequently brought into the same flane o/po* 
larization, withovt acquiring the power offormmg fringes 
by their interference. 

If, in the preceding experiment, a doubly refracting crystal 
be placed between fiie eye and the copper slits, having its 
principal section inclined 45° to either of the planes of pdari- 
zation of the interfering rays, each pencil will be separated 
into two equal ones polarized in two rectangular planes, one 
of which planes is the principal section itsdf. Two systems 
of fririges ought, therefore, to be produced ; one system from 
the interference of the ordinary ray from the right hand slit 
with that of the ordinary ray from the left hand slit, and an- 
other system from the interference of the extraordinary ray 
from the right hand slit with the extraordinary ray from the 
left hand slit ; but no such fringes are produced. 

4. Two rays polarized at right angles to each other, and 

ferwards brought into similar planes of polarization, pro-' 
'x fringes by their interference like rays of common lights 
provided they belong to a pencil, the whole of which was 
originally polarized in the same plane, ^ 

5. In the phenomena of interjerence produced by rays that 
have suffered double refraction, a dijj^ence of half an undtt-^ 
latum must be allowed, as one of the pencils is retarded by 
that quantity from some unknown cause. 

The second of these laws affords a direct explanation of 
the fact which perplexed Dr. Young, that no fringes are ob- 
served when light is transmitted through a thin plate possess- 
ing do«jble refraction- The two pencils thus prcduced do not 
Q 
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form fringes by their interference, because they are polarized 
in opposite planes. 

The production of the fringes by the action of doubly re- 
fracting crystals orf polarized light may be thus explained. 
Let M N,Jig^ 107., be a section of the plate of sulphate of 
Fig, 107. li™^' C ED F, fig. 94:., wad B the ana- 

lyzing plate. Cet R r be a polarized 
i'ML /i ray incident upon the plate M N, and 

^ let O and E be the ordinary and ex- 
Q J wL traordinary rays produced by the 
£ ^^pP'B double refraction of the plate M N. 
When the plate M N is in such a pcK 
N sition that either of its ^neutral axes 

C p, E F, fig. 94., are in the plane of primitive polarization 
erf* the ra^ R r^fig. 107., then one of the pencils will not suf- 
fer reflexioB by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by interference, because there is only one ray. 
But in every other position of the plate M N, the two rays, 
O «, E «, will be reflected by the plate B ; and being polarized 
by the plate in the same plane, they will, by Law 1., interfere, 
and produce a color or a fringe corresponding to the retardation 
of one of the rays within the plate, arising from the difference 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the or- 
dinary to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90°, M N remaining fixed, 
then the ray E will be reduced to the ordinary state ; and con- 
sequently we must subtract half an undulation from d, the iiv- 
terval of retardation within the plate, to have the real differ- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will differ by a whole undulation ; and conse- 
quently the color produced when the plate B has been turned 
round 90°, will be complementary to that which is produced 
when the plate B has the position shown in^^. 107. 

If we suppose the rays E and O to be received upon and 
analyzed by a prism of Iceland spar, we shall have two or- 
dinary rays interfering to form the colors in one ima^e, and 
two extraordinary rays interfering to produce the ccmipTement- 
«ry colora in the other image. 
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^ CHAP. XXV. 

ON THE POLARIZING 8TRUCTURB OF ANALCIHE. 

(124.) In a preceding^ chapter I have mentioned tlie very 
remarkable double refraction which is possessed by analcime. 
This mineral, which is also called cubizitey has been regarded 
by mineralogists as having the cube for its primitive form ; but 
ii this were correct, it should have exhibited no double refrac- 
tion. Analcime has certainly no cleavage planes, and it must 
be regarded at present as forming in this respect as great an 
anomaly in crystallography as it does in optics by its extra- 
ordinary optical phenomena. 

The most common form of the analcime is the solid called 
the icositetrakedron, which is bounded by twenty-four equal 
and similar trapezia ; and we may regard it as derived from 
tlie cube, by cutting off each of its angles by three planes 
equally inclined to the three faces which contain the solid 
angle. If we now conceive the cube to be dissected by planes 
passing through all the twelve diagonals of its six faces, each 
of these planes will be found to be a plane of no double re- 
fraction, or polarization ; that is, a ray of polarized light trans- 
mitted in any direction whatever, provided it is in one of these 
planes, will exhibit none of the polarized tints when tlie 
crystal is placed in the apparatus, jig. 94. These planes of 
no double refraction are shown by dark lines in Jigs, 108. and 
109. If the polarized ray is in- 
cident in any direction which 
is out of these planes, it will 
be divided into two pencils, and 
exhibit the finest tints, all of 
which are related to the planes of 
no double refraction. The double 
refraction is sufficiently great to 
admit a distinct separation of the 
images when the incident ray 
passes through any pair of the 
four planes which are adjacent to 
the three axes of the solid, or of 
the cube from which it is derived. 
The least refracted imase is the 
extraordinary one; and conse- 
quently the double refraction is 
negative in relation to the axes 
to which the doubly refracted ray 
is perpendicular. 




Fig. 109. 
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In all other doubly refracting crystals, each particle has the 
same force of double refraction; but in the analcime, the 
double refraction of each particle varies with the square of its 
distance from the planes already described. 

The beauti^l distribution of the tints shown in figs, 106. 
and 109. cannot, of course, be exhibited to the eye at once, 
but are deduced by transmitting polarized light in every 
direction through the mineral. 

In several of the crystals, the tints rise to the third and 
fi)urth order ; but when the crystals are very small, the tints, 
do not exce^ the white of the first order. The tints are ex- 
actly those of Newton^s scale, which indicates that they are 
not the result of opposite and dissimilar actions. In figs, 108. 
aad 109. the tints are represented by the faint shaded lines 
'having their origin from the .planes where the double refrac- 
tion disappears. 

The preceding property of analcime is a simple and easily 
applied mineralogical character, which would identify the most 
shapeless fragment of the mineral. 

The abbe Hauy first observed in this mineral its property 
of yielding no electricity by friction, and derived the name of 
analcime uom its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether does not exist at all, or has its properties neutralized 
by opposite actions, we may ascribe to this cause the difficulty 
with which friction decomposes the natural quantity of elec- 
tricity residing in the niineraL 



CHAP. XXVI. 

OH CIRC17LAB POLARIZATION. 

(12£^ Bff all crystals with one axis there is neither double 
renaction nor polarization alon^ the axis ; and this is indicated 
in the system of rings, by the disappearance of all light in the 
centre of the rings at the intersection of tlie black cross. - 
When we examine, however, the system of rings produced 
by a plate of rock crystal whose faces are perpendicular to the 
axis, we find that the black, cross is obliterated within the 
inner rin?, which is occupied with, a uniform tint of red, 
green, or blue, according to the thickness of the plate. This 
eflfect will be seen in fig. lia M. Arago first observed 
these colors in 1811. He found that when they were analyzed 
by a prism of Iceland spar, the two images had complementary 
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colors, and that the colors changed, descending in Newton's 
Fiff, 110. scale as the prism revolved ; so that if 

the Color of the extraordinary image 
was redf it became in succession orange, 
yellow, green, and violet. fVom mis 
result he concluded, that the differently 
colored rays had been polarized in dif- 
ferent planes, by passing along the axis 
of the robk crystal. In this state of the 
subject, it was taken up by M. Blot, who 
investigated it with much sagacity and 
success. 
Let C E D F be the plate of quartz, J^. 94., along whose 
axis a polarized ray, r s, is transmitted. When the eye is 
placed at O, above the analyzing plate fixed as in the figure, 
it will see, for example, a circular red space in the centre of 
the rings. If we turn the quartz round its axis, no change 
whatever takes place ; but if we turn the plate B from right 
to left, through an angle of 100*^ for example, we shall observe 
the red change to orange, yellow, green, and violet, the latter 
having a dark purple tinge. If we now cut from the same 
prism of rock crystal another plate of twice the thickness, and 
place it in the apparatus, tlie plate B remaining where it was 
left, we shall find that its tint is different from that of the 
former plate ; but by turning the plate B 100° farther, we 
shall again brin^ the tint to its least brightness, viz., a sombre 
violet By a plate thrice as thick, the least brightness will 
be obtained by turning the plate B 100° farther, and so on, till, 
when the thickness is very great, the plate B may have made 
several complete revolutions. Now, it might happen that a 
thickness had been taken, so thai the rotation of B which pro- 
duced the sombre violet was 360°, or terminated in the point 
0°, from, which it set out, which would have perplexed the 
observer, if he had not made the succession of experiments 
which we have mentioned. 

This phenomenon will be better understood, by supposing 
that we take a plate of quartz ^th of an inch thick, and use 
the different homogeneous rays of the spectrum in succession. 
Beginning with red, we shall find that the red light in the 
centre of the rings has its maximum brightness when the 
plate B is at 0° of azimuth, as in fig, 94. If we turn B from 
right to left, the red tint will gradually decrease, and after a 
rotation of 17^° the red tint will whollu vanish, having reach- 
ed its minimum. With a plate T^ths thick, the red will 
vanish at 35°, every additional thfckness of the 25th of an 
inch requiring an additional rotation of 17^°. If the light is 
Q2 
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vioZee, the same thickness, viz^ ^th of an inch, will require a 
rotation of 41^ to make it vanish, every additional 25th of 
an inch of thickness requiring a rotation of 41^ more. 

(126.) The rotations for different colors corresponding to 1 
millimetre, or ^th of an inch of quartz, are as follows : — 





Amor 
RototioB. 




ArcanT 

aotatioa. 


Extreme red 

Mean red 

Limit of red and or«nge - 

Mean orange 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green ... 


17O30' 

19 00 

20 29 

21 24 

22 19 

24 00 

25 40 
27 51 


farait of green and blue - 

Mean blue 

Limit of blue and indigo 
Mean indigo .... 
Limit of indigo and violet 

Mean violet 

Extreme violet • - - 


30O03' 
32 19 
34 34 

36 07 

37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot found 
that there were several in which the very same phenomena 
were produced by turning the plate B from left to ri^ht. 
Hence, in reference to this property, quartz may be divided 
into right-handed and lejl-handed quartz. 

From these interesting facts it follows, that, in passing 
along the axis of quartz, polarized light comports itself, at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral withm the crystal, in some speci- 
mens from right to left, and in others from left to right, " To 
conceive this distinction,'* says Mr. Herschel, " let the reader 
take a common cork-screw, and holding it toiih the head to^ 
wards him, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress fi'om the spec- 
tator tbrou^ a riffht-handed crystal, may be conceived to da 
If the thread of the cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the. head 
as the instrument advances would represent that of the plane 
of polarization in a left-handed specimen of rock crystal." 

Prom the opposite characters of these two varieties of quartz, 
it follows, that if we combine a plate of right-handed with a 
plate of left-handed quartz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknesses. Thus, if a 
plate ^yth of an inch thick of right-handed quartz is combined 
with a plate Aths thick of left-handed quartz, the same colors 
will be procfuced as if we used a plate Wjths of an inch 
thick of left-handed quartz. When the thicknesses are equal, 
the plates of course destroy each other's effects, and the sys- 
tem of rings with the black cross will be distinctly seen. 

(127.) In examining the phenomena of circular polarization, 
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in the amethyst, I found" that it poesessed the power in the 
same specimen of taming the planes of polarization both 
from right to left and frofn left to right, and thut it actually 
consisted of alternate strata of right and left-handed quartz, 
whose planes were parallel to the axis of double refraction of 
the prism. When we cut a plate perpendicular to the axis of 
the prism, we therefore cut across these strata, as shown in 
fig. 111., which exhibits sections of the strata which occur 
Fig. 111. opposite the three alternate faces of the 

six-sided prism. The shaded lines are 
those which turn the planes of polariza- 
tion from right to left, while the inter- 
mediate unshaded ones and the three un- 
. shaded sectors turn them from Uft to 
right. These strata are not united to- 
gether like the parts of certain composite 
crystals, whose dissimilar faces are 
brought into mechanical contact ; for the 
^ right and left-handed strata destrov each 

other at the middle line between each stratum, and each stra- 
tiun has its maximum polarizing force in its middle line, the 
force diminishing gradually to £e lines of junction. 

In some specimens of amethyst the thickness of these strata 
is so minute, that the action of the right-handed stratum ex- 
tends nearly to the central line of the lefl-handed stratum, 
and vice versd, so as nearly to destroy each other ; and hence 
in such specimens we see the system of colored rings with 
the black cross almost entirely uninfluenced by the tints of 
circular polarization. A vein of amethyst, therefore, ^',th of 
an inch thick in the direction of the axis, may be so thitt^n a 
direction perpendicular to the axis that the arc of rotation for 
the red ray may be 0° ; and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectrum. By a greater degree of 
thinness in the strata, the plate would be incapable of polar- 
izing circularly the yellow ray; and by a greater thinness 
still, there would be no action on the violet light. These 
feeble actions, however, might be rendered visible at great 
thicknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0° to each of the numbers in the preceding 
table, accordmg to the thickness of the strata. 

The coloring matter of the amethyst I have found to be 
curiously distributed in reference to tnese views ; but I must 
refer to the original memoir for farther information.* 

* Edinburgh Tran9aetU»u^ vol. \x,p. 139. 
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Fig. 11% 



M. Biot maintained that this remarkable property of quartz 
resided in its ultimate particles^ and accompanied them in all 
their combinations. I have found, however, that it is not pos- 
sessed by opal, tabasheer, and other silicious bodies, and that 
it disappears in melted quartz. Mr. Herschel also found that 
it does not exist in a solution of «ilica in potash. 

Hitherto no- connexion could be traced between 
the right and left-handed structure in quartz, and 
the crystalline form of the specimens which possess- 
ed these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz which contains 
unsymraetrical faces, x x x^fig. 112., turns the planes 
of polarization in the same direction in which these 
&ces lean round the summits A a: a?, axx. 

Circular Polarization in Fluids. 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain fluicfi, in which it 
was discovered by M. Biot^and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
it in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and place it in the apparatus, fig. 94., so that polarized light 
transmitted through the oil may be reflected to the eye from 
the plate B, we shall observe the complementary colors and a 
distinct rotation of the plane of polarization from right to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in tbe following table, 
which contains the results of M. Biot's experiments. 

Crystals which turn the Planes from Right to Left. 




Ktc of Kotation 
for every 96th 
nf an inch Ui 
Thiekaeae. 



RelatiTe Thick, 
produce the 



Rock crystal 

Oil of turpentine 

Solution of 1753 ports of artificial camphor ) 

in 17359 of alcohol j 

Essential oil of laurel. 

turpentine. 



180 26' 
16 

01 



1 
.68^ 



Crystals which turn the Planes from Left to Right 





Are or Kotation 
lareTenraWi 
of aa iBoh la 
Thickncaa. 


KelatiTe Thick- 
aeaaaa that 

4a« KAot. 


Rock crystal ----------- 


180 26' 
26 
33 


1 

38 


EssentUa oil of lemons 

Concentrated syrup (fiom sugar) - - - - 
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In examining these phenomena, M. Fresnel discovered that 
in quartz they were produced by the interference of two 

Sincils formed by double refraction along the axis of the quartz, 
e succeeded in separating these two pencils, which differ 
both from common and polarized light They differ from 
polarized light, because when either of them is doubled by a 
doubly refracting crystal, the pencil or image never vanishes 
during the revolution of the crystal. They differ from com- 
mon light, because when they suffer two total reflexions from 
glass, at an an^le-of about 54°, the one will emerge polarized 
in a plane inclmed 45° to the right, and the other in a plane 
45° to the left, of the plane of total reflexion. M. Fresnel 
has also discovered the following properties of a circularly 
polarized ray ; — When it is transmitted through a thin doubly 
refracting plate parallel to its axis, it is divided into two 
pencils with complementary colors ; and these colors will be 
an exact quarter of a tint, or an order of colors, either higher 
or lower in Newton's scale, than the color which the same 
crystallized plate would have given by polarized light. M. 
Fresnel also proved that a circularly polarized ray, when 
transmitted along the axis of rock crystal, will not exhibit the 
complementary colors when analyzed. 

(129.) In the prosecution of this curious subject, M. Fresnel 
discovered the following method of producing a ray possessing 
all the above properties, and therefore exactly similar to one 
of the pencils produced by circular double refraction. Let 
ABC Ujfiff, 113., be a paxallelopiped of crown glass, whose 
index of refraction is 1*510, and whose angles A B C, A D C 
are each 54J°. If a common polarized ray, R r, is incident 
perpendicularly upon A B, and emerges 
perpendicularly from C D, after having 
sufiered two total reflexions at E and F, at 
angles of 54J° ; and if these reflexions are 
performed in a plane inclined 45° to- the 
plane of polarization of the ray, the emer- 
gent ray F G will have all the properties 
of a circularly polarized ray, resembling in 
every respect one of those produced by 
double refraction along the axis of rock 
crystal. But as this circularly polarized 
ray may be restored to a single plane of 
polarization, inclined 45° to the plane of reflexion, by two 
total reflexions at 54^°, it follows, and I have verified the re- 
sult by observation, that if the parallelepiped A B C D is 
sufficiently long, the pencil will emerge circularly polarized, 
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at 2, 6, 10, 14, 18 reflexions, and polarized in a single plane 
after 4, 8, 12, 16, 20 reflexions. 

M. Fresnel proved that the ray R t would emerge at G, 
circularly polarized by three total reflexions at 69° 12', and 
four total reflexions at 74° 42'. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized by 9, 
15, 21, 27, &c. reflexions at 69° 12', and restored to common 
polarized light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 28, 36, 
&c. reflexions at 74° 42', and be restored to common polar- 
ized light by 8, 16, 24, 32, &c. reflexions. 

I have found that circular polarization can be produced by 
2^, 7^, 12^, &c. reflexions, or any other number which is a 
multiple of 2^; for though we cannot see tlie ray in the mid- 
dle of a reflexion, yet we can show it when it is restored to a 
single plane of polarization, at 5, 10, 15 reflexions."*" When 
^e use homogeneous light, we find that the angle at which 
circular polarization is produced is difl^erent for the difl^rently 
colored rays; and hence these diflferent rays caonot be restored 
to a single plane of polarization at the same angle of reflexion. 
Complementary colors will therefore be produced, such as I 
described long ago, and which, I believe, have not been, ob- 
served by any other person.t These colors are essentuilly 
di&rent from those of common polarized light, and will be 
understood when we come to explain those of elliptical polar- 
ization. 



CHAP. XXVII. 

OH BLUPTICAIt FOLARIZATIONI AND ON THE ACTION OF 
METALS VFON LIGHT. 

On Elliptical Polarization. 

(130.) The action of metals upon light has always present- 
ed a troublesome anomaly to the philosopher. Mains at first 
announced that they produced no eflfect whatever; but he 
afterwards found that the difierence between transparent and 
metallic bodies consisted in this, — that the former reflect all 
the light which they polarize in one plane, and refract all the 
light which they polarize in an opposite plane ; while metallic 
bodies reflect what they polarize in both planes. Befi>re I was 

* See PhiL Trantmetimu, 1830, p. 301. 
t See Pkil. Tratuactions, 1830, p. 309. 335. 
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acquainted with any of the experiments of Malus, I had found"' 
that light was modified hy the action of metallic hodies; and 
that, in all the metals which I tried, a great portion of light 
was polarized in tlie plane of incidence. In February, 1815, 
I discovered the curious property possessed by silver and gold 
and other metals, of dividing polarized rays into their comple- 
mentary colors by successive reflexions : but I was misled by 
some of the results into the belief, that a reflexion from a 
metallic surface had the same effect as a certain thickness of 
a crystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
the number of reflexions. M, Biot, in repeating my experi- 
ments, and in an elaborate investigation df the phenomena,! 
was misled by the same causes, and has given a len^ened 
detail of experiments, forraule, and speculations, in which all 
the real phenomena are obscured and confounded. Although 
I had my full share in this rash generalization, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject with the most anxious 
desire of surmounting its difficulties. In this attempt I have 
succeeded ; and I have been enabled to refer all the phenomena 
of the action of metals to a new species of jpolarizadon, which 
I have called elliptical polarization, and wnich unites the two 
classes of phenomena which constitute circular and reetiline(d 
polarization. 

(181.) In the action of metals upon common li^ht, it is easy 
to recognize the &ct announced by Malus, that the light 
which Uiey reflect is polarized in difierent planes. I have 
found that the pencil polarized in the plane of reflexion is 
always more intense than that polarized m the perpendicular 
plane. The difierence between these pencils is least in silver, 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The following 
table shows the enect which takes place with other metals:—- 

Order in which the Metals polarize most Light in the Plane ef 
Reflexion, 

Galena. Steal. Copper. .Fine fold. 

Lead. Zinc. Tin plate. Common iilver. 

. Grey cobalt. Speculum metal. Brass. Pure silver. 

Arsenica] cobalt. Platinum. Grain tin. Total reflexion 

Iron pyrites. Bismuth. Jewellers' gold. from glass. 

Antimony. Mercury. 

* Treatise on JVtfw PkiUu. ItutrumnUs, p. 347. and Preface. 
' t TVatt^ de Phj/aique, torn. iv. p. 579. 600. 
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By incretLOBg the number of refiexiond, the whole of the 
mcident light may be polarized in the plane of reflexion. 
Eight reflexions iVom plates of steel, between 60^ and 80^, 
pohirize the whole light of a wax candle ten feet distant An 
mcreased number of reflexions [above 3^ is necessary to do 
this with pure silver; and in total reflexions fhmi glass, 
where the circular polarization begins, and where the two 
pencils are equal, the effect cannot be produced by any number 
of reflexions. 

In order to examine the action of metals upon polarized 
light, we must provide a pair of plates of each metal, flatly 
ground and highly polished, and each at least 1^^ inch long^ 
and half an inch broad. These parallel plates sfiould be fixed 
upon a goniometer, or other divided instrument, so that one 
of the plates can be made to approach to or recede from the 
other, and so that their sur&ces can receive the polarized ray 
at different angles of incidence. In place of giving the plates 
a motion of rotation round the polarized ray, I have found it 
better to give the plane of polarization of the ray a motion 
round the plates, so that the planes of reflexion and of polari- 
zation may be set at any required angle. The ray reflected 
from the plates one or more times is then analyzed, either by 
a plate of glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either jnit- 
allel or perpendiciUar to the plane of primitive polarization, 
the reflected light will receive no peculiar modification, ex- 
cepting what arises from their property of polarizing a portion 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is so beautiful and striking, 
as to arrest our immediate attention. When the plates are 
Mlver or gold, the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 96<^. All the other metals in the taWe, 
p. 191, give analogous colors ; but they are most brilliant in 
silver, and diminish in brilliancy from silver to galena. 

In order to investigate the cause of these {£enomena, let 
us suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
incidence of 75° the light has suffered some physical change. 
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which is a maximum at that ang^le. It is not polarized light, 
hecause it does not vanish during the revolution of the ana- 
lyzing plate, it is neither partially polarized light nor com- 
mon ught ; hecause, when we reflect it a second time at 75°, 
;t is restored to light polarized in one plane. If we transmit 
the light reflected from steel at 75° along the axis of Iceland 
spar, the system of rings shown in^^. ^. is changed into the 
system shown in Jig, 114., as if a thm filn\. of a crystallized 
Fif. 114. body which polarizes the blue of the 

first order had crossed the system. If 
we substitute for the calcareous spar 
films of sulphate of lime which give 
difierent tints, we shall find that these 
tints are increased in value- by a quan- 
tity nearly equal to a quarter of a tint, 
accordinff as the metallic action coin- 
cides wiUi or opposes that of the crys- 
tal. It was ^1 the authority of this 
experiment that I was led to believe 
that metals acted like crystallized plates. And when I found 
that the colors were better developed and more pure after 
successive reflexions, I rashly concluded, as M. Biot also did 
after me, that each successive reflexion corresponded to an 
additional thickness of the film. In order to prove the error 
of this opinion, let us transmit the light reflected 2, 4, 6, 8 
times from steel at 75° along the axis of Iceland spar, and we 
shall find that the system of rings is perfect, and that the 
whole of the light is polarized in one plane ; a result absolutely 
incompatible with the supposition of tlie tints rising with the 
number of reflexions. At 1, 3, 5, 7, 9, 11 reflexions, the ligh* 
when transmitted alon^ the axis of Iceland spar will produce 
an effect equal to neany a quarter of a tint, beyond which it 
never rises. 

I now conceived that light reflected 1, 3, 5, 7, 9 times firom 
Bteel at 75° resembled circularly polarized light. In circularly 
polarized light produced by two total reflexions firom glass, the 
ray originally polarized + 45° to the plane of reflexion is^ by 
the two reflexions at the same angle, restored to light polarized 
t— 45° to the plane of reflexion ; whereas in steel, a ray polar- 
ized -I- 45°, and reflected once from steel at 75°, is restwied by 
another reflexion at 75° to light polarized — 17°. ^ 

With different metals the same effect is produced, but th# 
inclination of the plane of polarization of the restored: ray is 
different, as the following table shows : — 
R 
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Total Xeaeztoaa. 


lacHMtion* 
or restored 
lUy. 


ToUI Keflezioofc 


oTnatand 


From fflass - - 
Pure Bilver - • 
Cotnmon silver • 
Fine gold • - 
Jeweflera' gold 
Grain tin - - 
Brass - - - 




450 c 

3948 
96 
35 
33 
33 
32 
31 
29 
26 
22 


Speculum metal 

Ste^l ". - ". '. - 

Iron pyrites - - - 
Antimony - - - 
Arsenical cobalt 
Cobalt ..---• 

Lead 

Galena .... 
^>ecular iron, - - 


210 
21 
1910 
17 
14 
1615 
13 
12 30 
11 
2 



Tin Plate - - 




Mercury - - 





In total reflexions, or in circular polarization, the circularly 
polarized ray is restored to a single plane by the same number 
of reflexions and at the saine angle at which it received cir* 
cular polarization, whatever be the inclination of the plane of 
the second pair of reflexions to the plane of the first pair ; but 
in metallic polarization^Athe an^le at which the second re- 
flexicHi restores the ray to a single plane of polarization varies 
with tiie inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions^ 
this angle varies as the radii of a circle ; that is, it is always 
the same. In the case of metallic polarization, it varies as 
the radii of an ellipse. Thus, when the plane of the polarized 
ray is inclined 45° to the plane of primitive polarization, the 
ray reflected once at 75° will be restored to polarized light at 
an incidence of 75° ; but when the two planes are parallel to 
one another, the restoration takes place at 80° ; and when they 
are peipendicular, at 70° ; and at intermediate angles, at in- 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarization. 

We have already seen that light polarized + 45° is ellipti- 
cally polarized by 1, 3, 5, 7 reflexions firom steel at 75°,-and 
restored to .a single plane of polarization by 2, 4, 6, 8 reflexions 
at the same angle ; and we have stated that the ray restored 
by two reflexions has its plane of polarization brought into 
the state of — 17°. The followingr are the inclinations of this 
plane to the plane of reflexion, by diflferent numbers of re- 
flexions &om steel and silver : — 



No. 
of Re- 
flexions. 


Inclination of the Plane 
of the polarized Ray. 


No. 
of Re. 
flexions. 


IbcH nation of tiie Plane 
of the polarized Ray. 


8Uel. 


Silver. 


8Uel. 


Silver. 


2 
4 

6 

8 


— noo' 

+ 522 
— 138 

+ 030 


— ^°15' 
+ 31 52 
— 28 6 
+ 21 7 


10 

12 

18 
36 


— 0°9' 

+ 03 

— 
+ 00* 


-16° 56' 
+ 13 30 
— 6 42 
+ 47 
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These results explain in the clearest manner whv common 
light is polarized by steel after eight reflexions, and by silver 
> not till after thirty-six reflexions. Common light consists of 
two pencils, one polarized + 45°, and the other — 45°; and 
steel brings these planes of polarization into the plane of re- 
flexion after eight reflexions, while silver requires more than 
thirty-six reflexions to do this. 

(132.) The angles at which elliptical polarization is pro- 
duced by one reflexion may be considered as the maximum 
polarizing angles of the metal, and their tangents may be 
consider^ as the indices of refiraction of the difierent metals^ 
as shown in the following table : — 



H«MariI«taL 


AMli of Maxtmua 


iBd«zor 


Grain tin - - - - 
Mercury - - - - 
Galena .... 
Iron pyrites ... 
Grey cobalt - . - 
Speculum metal - 
Antimony melted - 
Steel .... - 
Bismuth . - . . 
Pure silver ... 

Zinc 

Tin plate hammered 
Jewellers* gold - - 


780 30 
78 27 
78 10 
77 30 
76 56 
76 
75 25 
75 
74 50 
73 
72 30 
70 50 
70 45 


44\6 
4-893 
4-773 
4-511 
4-309 
4-011 
3-844 
3-732 
3-689 
3-271 
3172 
2-879 
2-864 



Ellmtical polarization may be produced by a sufficient nam- 
ber of reflexions at any given angle, either above or below 
the maximum polarizing angle, as mown in the following table 
for Steel .'-^ 



ffumber of lUAczioM at 


Mumb«r of SeAaziona at 






whkeh tha ranrtl la n- 


of Iwrldeaca. 




atored to a ainvle Plane. 


3 9 15 &c. 


6 12 18 &c. 


86° 0* 


2^ 7^ 12} <&c. 


5 10 15 &C. 


84 


2 6 10 &c. 


4 8 12 &c. 


82 20 


li4J 7i&c.. 


3 6 9&C. 


79 


13 5 <fec 


2 4 6&C 


75 


IHi U&c, 


3 6 9&c. 


67 40 


2 6 10 &c. 


4 8 12 &c. 


60 20 


2} 7} 12} &c. 


5 10 15 Ac. 


56 25 


3 9 15 &c. 


6 12 18 &c. 


52 20 



When the number of reflexions is an integer, it is easily 
understood how an elliptically polarized ray begins to retrace 
its course, and to recover its state of polarization in a single 
plane, by the same number of reflexions by which it lost it ; 
but it icnnteresting to observe, when the number of reflexiona 
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is 1|, 2J, or any other mixed number, that the ray must have 
acquired its elliptical polarization in the middle of the second 
and third reflexion ; that is, when it had reached its greatest 
depth within the metallic surface it then begins to r^ume its 
slate of polarization in a single plane, and recovers it at the 
end of 3, 5, and 7, reflexions. A very remarkable eflfect takes 
place when one reflexion is made on one side of the maxi- 
mum polarizing angle, and one on the other side. A ray that 
has received partial elliptical polarization by one reflexion at 
85° does not acquire more elliptic polarization by a reflexion 
at 54°, but it retraces its course and recovers its state of single 
polarization. 

By a method which it would be out of place to explain 
here, I have determined the number of points of restoration 
which can occur at different angles of incidence from 0° to 
90°, for any number of reflexions; and I have represented 
them in Jig. 115., where the arches I, I., II, IL, &c. represent 
the quadrant of incidence, for 07i€, ttoo, dtc. reflexions ; C 

J!^^. 115. 




being the point of 0°, and 6 that of 90° of incidence. In the 
quadrant, I, L there is no point of restoration. In II, IL there 
is oidy one point or node of restoration, viz. at 73° in sUver, 
In III, ni. there are two points of restoration, becanse a ray 
elliptically polarized by one and a half reflexion will be re- 
stored by three reflexions at 63° 43' benea^ the maximum 
polarizing angle, and at 79° 40' above that angle. It may also 
be shown that for IV. reflexions there are 3 points of restora- 
tion, for V. reflexions 4 points ; and for VI. reflexions 5 points, 
as shown in the figure. The loops or double curves are drawn 
to represent the mtensity of the elliptic polarization which 
has its minimum at 1, 2, 3, &c., and its maximum in the middle 
of the unshaded parts. If we now use homogeneous light, 
we shall find that the loops have diflerent sizes in the diflerent 
colored rays, and that their minima and maxima are diflerent 



Hence, in the Vlth quadrant, C B for example, there will he 
6 loops of all the different colors, viz. CI; 1,2; 2, 3 ; 3, 4, 
&Ai. ; overlapping c«ie another, and producing by their mixture 
ihose beautiful complementary colors which have already been 
mentioned. For a more full account of this curious branch 
of the subject of polarization, I hiust refer the reader to the 
PhUosopkical TVansacHonSt 1830; or to the Edinburgh 
Journal qfScicTicef Nos. VII. and VIII. new scries, April, 1831. 



CHAP. xxvm. 

ON THE POLARIZING STRUCTURE PRODUCED BT HEAT, COLD, 
COMPRESSION, DILATATION, AND INDURATION. 

The various phenomena of double refraction, and the sys- 
tems of polarized rings with one and two axes of double re- 
fraction, and with' planes of no double refraction, may be pro- 
duced either transiently or permanently^ in glass and other 
substances, by heat and cold^ rapid cooknff, compression and 
dUattUiony and indurdtion. 

1. Transient Influence of Heat and Cold, 

(1.) Cylinders of glass with one positive axis of double 
refraction. 

(133.) If we take a cylinder of glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed, to polarized light, in 
the apparatus, Jig, 94., a system of rings with a black cross, 
exajctly similar to those in Jig 98. ; and the complementary 
system shown in flg, 99. will appear by turning round the 
plate B 90^. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of the sur&ce of the glass cylinder, we shall hide 
a corresponding portion of the rings, so that the cylinder has 
its single axis of double refraction Jixed in the axis of its 
figure, and not in every possible direction parallel to that axis 
as in crystals. 

By crossing the rings with a plate of sulphate of lime, as 
formerly explained, we shall find that it depresses the tints in 
the two quadrants which the axis of the plate crosses ; and 
R2 
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consequently that the system of rings is negative^ like that of 
calcareous spar. 

As soon as the heat reaches the axis of the cylinder, the 
rings begin to lose their brightness* and when the heat is 
uniformly diffused through the glassy they disappear entirdy. 

(2.) Cylinders of glass with a negative axis of double 
refraction. 

(134.) If a similar cylinder of glass is heated uniformly in 
boiling oil, or otherwise brought to a considerably high tem- 
perature, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will exhibit a similar 
system of rings, which will all vanish when the glass is uni- 
formly cold. By crossing these rings with sulpluite of lime, 
they will be found to be positive^ like those of ice and zircon ; 
or the same thing may be proved by combining this system of 
•rings with the preceding system, when they will be found to 
destroy one another. 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point from the axis. Byg)lacing thin films of 
sulphate of lime between two of these systems of rings, very 
beautiful systems may be produced. 

(3.) Oval plates of glass with two axes of double refraction. 
(135.) If we take an oval plate ABDC^fs;. 116., and 
Fiff 116 perform with it the two preceaing experi- 
ments, we shall find that it has in M)th cases 
two axes of double refraction, the principal 
axis passing through O, being negative when 
' it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B, CD, correspond to the black ones in 
^^C^ '* Jig. 101., and the distance mn to the inclina- 
tion of the resultant axes. The effect shown in fg. 116. is 
that which is produced by inclining m n 45^ to the plane of 
primitive polarization ; but when m n is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B, C D, 
will form a black cross, as in^^. 100. 

In all the preceding experiments, the heat and cold might 
have been introduced and conveyed through the glass fixxn 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
the axes that were formerly negative will now be positive, 
uid vice versd. 
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(4.) Cubes of glass with double rtfraction. 

(136.) When the shape of the glass is that of a cube, the 
rings have the form shown In^^. 117. and when it is a paral- 
lelopiped with its length about three times its breadth, the 

Fig. 117. Fig. 118. 







rings have the form shown in^. 118. the curves of equal tint 
near the angles being circles, as shown in both the figures. 

(5.) Rectangulur pUttes of glttss with planes of no double 
refraction, 

(137.) If a well annealed rectangular plate of glass, E F D C, 
is placed with its lower edge C D on a piece of iron A B D C 
fig, 119., nearly red hot, and the two together are placed in the 

^^.119. 




A" 3 

apparatus, fig, 94., so that C D may be inclined 45° to the 
plane of primitive polarization, and that polarized light may 
reach the eye at O from every part of the glass, we shall ob- 
serve the following phenomena. The instant that the heat 
raters the surface C D, fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
has reached the upper sur&ce E F, or even the central line 
a 6, similu* fringes will appear at E F. Colors at first faint 
blue, and then white, yellow, orange, &c., all spring up at 
abi and these central colors will be divided from those at the 
edges by two dark lines, M N, O P, in which there is neither 
double refraction nor polarization. These lines correspond 
with the black curves in^^. 101. wad fig, 116., and the'struo- 
ture between M N and O P is negative, like that of cal- 
careous spar ; while the structures without M N and O P are 
positive^ like those of zircon. The tints thus developed are 
those oT Newton's scale, and are compounded of the different 
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sets of tints diat would be given in each of the hcmiogeneoas 
rays of the m)ectrnm. 

In these plates there is obviously an infinite number of axes 
in the planes passing through M ff, O P, and all the tints, as 
well as the double refraction, can be calculated by the very 
same laws as in regular ciystals, mutatis mutandis. 

If the plate E F D C iarkeated equally all round, the fringes 
are produced with more regularity and quickness ; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it will develope the same fringes, but the central ones 
at a 6 wiU in this last case be positive, and the outer ones at 
£ F and C D ne^gative. 

Similar effects to those above described may be produced in 
similar plates of rock salt, obsidian, fluor spar, copal, and other 
solids that have not the doubly relVacting structure. 

A series of splendid phenomena are produced by crossing simi- 
lar or dissimilar plates of glass when their fringes are developed. 
When similar plates of glass, or those in which the fringes are 
produced by heat, as in^. 119., are crossed, the curves or lines 
of equal tint at the square of intersection, A B C D, Jig, 120., 
Fig. 120. will be hyperbolas. The tint at the 

' centre will be the diflerence of the 

^p^ central tints of each of the two plates, 

g I and the tints of the succeeding hy- 

A I I B perbolas will rise gradually in the 

^^^ ^9 ^^^ bkmXq above that central tint If the 
l^^l aMJ^^Tf *"^*s produced by each plate are 
jl^^" ^^\ HMH precisely the same, and the plates of 

"^^^-^ the same shape, the central tints will 

destroy each other, the hyperbolas 
will be equilateral ones, and the tints 
will gradually rise from the zero of 
Newton's scale. 
When dissimilar plates are crossed, as in fig. 121., viz. one 
in which the fringes are produced by heat with one in which 
they are produced by cold, the lines of equal tint in the square 
of intersection A B C D (Jig, 121.), will be ellipses. The tints 
in the centre will be equal to the sum of the separate tints, 
and the tints formed by the combination of the external firinges 
will be equal to their difference. If the plates and their tints 
are perfectly equal, the lines of equal tint will be circles. The 
beauty of these combinations can be understood only from col- 
ored drawings. When the plates are combined lengthwise, 
they add to or subtract from each other's efiect, according as 
similar or dissimilar fringes are opposed to one another. 
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(6.) Spheres of glass, d*c. with an infinite number of gxes 
of double refraction. 

(138.) If we place a sphere of glass in a glass trough of hot 
oil, and observe the system of rin^s, while the heat is passing 
to the centre of the sphere, we Siall find it to be a regular 
system^ exactly like that in fi^, 96. ; and it will suffer no 
change by turning the sphere m any direction. Hence the 
sphere has an infinite number of ^sitive axes of double re- 
fraction, or one along each of its diameters. 

If a very hot sphere of glass is placed in a glass trough of 
cold oil, a similar system will be produced, but the axes will 
all be negative. 

(7.) Spheroids of glass toith one axis of double refraction 
along the axis of revolution and two axes along the equth 
torial diameters. 

(199.) If we place an oblate spheroid in a glass trough of 
hot oil, we shall find that it has one axis of positive double 
refraction alonff its shorter axis, or that of revolution ; but if 
we transmit the polarized light along any of its equatorial 
diameters, we shall find that it has two axes of double refrac- 
tiort^ the black curves appearing as in fig, 116. when the axis 
of revolution is inclined 45° to the plane of primitive polari- 
zation, and changing into a cross when the axis is parallel or 
perpendicular to the plane of primitive polarization. 

The very same phenomena, will be exhibited with a prolate 
spheroid, only the black cross opens in a different plane when 
the two axes are developed. 

Opposite systems of rings will be developed in both these 
cases, if hot spheroids are plunged in cold oil. 
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The reason of using oil is to enable the polarized light to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to that 
of the glass. 

A number of very curious phenomena arise from heating 

and cooling glass tubes, or cylinders, along their axes ; the 

most singular variations taking place according as the heat 

and cold are applied to the circumference, or to the axis, or to 

• both. 

(8.) Influence of heat on regular crystals, 

(140.) The influence of uniform heat and cold on regular 
crystals is very remarkable. M. Fresnel found that heat^3ates 
sulphate of lime less in the direction of its principal axis 
than in a direction perpendicular to it ; and professor Mitscher- 
lich has found that Iceland spar is dilated by heat in the di- 
rection of its axis of double refraction, ^ile in all directions 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of lime, professor Mitscherlicb 
found tnat the two resultant axes (P, P, j^^. 106.) gradually 
approach as the heat increases, till they unite at O, and form 
a single axis. By a still farther increase of heat they open 
out on each side towards A and B. A very curious fact of an 
analogous kind I have found in glavberite, which has one axis 
of double refraction for vwlet, and two axes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, fig. 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open out, one in the direction 
O A, and the other in the direction O B. By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A B. 

% On the permanent Influence of sudden Cooling.^ 

(141.) In March, 1814, 1 found that glass melted and sud- 
denly cooled, such as prince Rupert's drops, possessed a per- 
manent doubly refhicting structure ;* and in December, 1814^ 
y Dr. Seebeck published an account of analogous, experiments 
with cubes of glass. Cylinders, plates, cubes, spheres, and 
spheroids of glass, with a permanent doubly refracting struc- 

• Letter to Sir Joeepb Banks, April S. 1814. PhU. Tran$. 1814. 
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ture, may be formed by bringing the glass to a red heat, and 
cooling it rapidly at its circumference, or at its edges. As 
these solid bodies often lose their shape in the process, the 
symmetry of their structure is affected, and the system of 
rmgs or fringes injured ; so that the phenomena are not pro- 
duced so perfectly as during the transient influence of heat 
and cold. It is often necessary, too, to grind and polish the 
surfaces afresh : an operation during which the solids are 
often broken, in consequence of the state of constraint in 
which the particles are held. 

An endless variety of the most beautiful optical figures 
may be produced by coolmg the glass upon metallic patterns 
(metals being the best conductors) applied symmetrically to 
each surface of the glass, or symmetrically round its circum- 
ference. The heat may be thus drawn off from the glass in 
lines of any form or direction, so as to give any variety what- 
ever to its structure, and, consequently, to the optical figure 
which it produces when exposed to polarized light. 

(142.) In all doubly refracting crystals the form of the 
rings is independent of the external shape of the crystal; 
but in glass solids that have received the doubly refracting 
structure, either transiently or permanently, from heat, the 
rings depend entirely on the external shape of the solid. I? 
m Jiff, 119., we divide the rectangular plate E F D C into two 
equal parts through the line a b, each half of the plate will 
have the same structure as the whole, viz. a negative and two 
positive structures, separated by two dark* neutral lines. In 
like manner, if we cut a piece of a tube of glass, by a notch, 
through its circumference to its centre, or if we alter the' 
shape of cylindrical plates and spheres, &c., by grinding them 
into different external figures, we produce a complete change 
upon the optical figures which they had previously exhibited. 

3. On the Influence of Compression and Dilatation, 

(143.) If we could compress and dilate the various solids 
above mentioned with the same uniformity with which we can 
hea^ and cool them, we should produce the same doubly re- 
fracting structures which have been described, compression 
and dilatation always prodiicing opposite structures. 

The influence of compression and dilatation may be well 
exhibited by taking a strip of glass, A B D C, fig. 122., and 
bending it by the force of the handa When it is held in the 
apparatus, ^^. 94., with its edge A B inclined 46° to the plane 
of primitive polarization, the whole thickness of the glass will 
be covered with colored fringes, consisting of a negative set 
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separated from a poeitive set by the daa-k neutral line'M N. 
The fringes on the convex side A B are negative^ and those 

Fig. 122. 




on the concave side positive. As the bending force increases, 
the tints increase in number ; and as it diminishes, they di- 
minish in number, disappearing entirely when the plate of 
gkss recovers its shape. The tints, which are those of New- 
ton's scale, vary with their distances from M N ; and when 
two such plates as that shown in fig. 122. cross each other, 
they produce in the square of intersection rectilineal fringes 
parallel to the diagonal of the square which joins the angles 
where the two concave and the two convex sides of the plates 
meet 

When a plate of bent glass is made to cross a plate crys- 
tallized by heat, and suddenly cooled, the fringes in the square 
of intersection are parabolas, whose vertex will be towards 
the convex side of the bent plate, if the principal axis of the 
other plate is positive, but towards the concave side, if that 
axis is negative. 

The e&cia of c(ftnpression and dilatation may be most dis- 
tinctly seen by pressing or dilating plates or cylinders of 
calves*-feet jelfy or soft isinglass. 

By the application of compressing and dilating forces, I 
have been able to alter the doubly refracting structure of 
regularljT crystallized bodies in every direction, increasing or 
diminishing their tints according to the direction in which the 
forces were applied.* 

The most remarkable influence of pressure, however, is 
that which it produces on a mixture of resin and white wax- 
In all the cases hitherto mentioned of the artificial production 
of double refraction, the phenomena are related to the shape 
of the mass in which the change is induced : but I have been 
able to communicate to the compound above mentioned a 
double refraction, similar to that which exists in the particles 
of crystals. The compressed mass has a single axis of double 
refraction in every pa^lel direction, and Sie colored rings 
are produced by the inclination of the refracted ray to the 
axis according to the same law as in regular crystals. If we 

— > * See Edinburgh Transactional vol. viii. p- 281. 
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remove the compressed film, an^ portion of it will be iband to 
have one axis of double refraction like portions of .a film of 
any crystal with one axi& The important deductions which 
this experiment authorizes will be noticed at the oondusioa 
of this part of the work. 

4. On the Influence of Induration. 

(144.) In 1814 I had occasion to make some experiments on 
the influence of induration in communicating^ double refraction 
to soft solids. When isinglass is dried in a ^lass trough of a 
circular form, it exhibits a system of tints wiui the black cross 
exactly like negative cnrstals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings with one positive axi& If the 
trough in the first of these e:q>eriments and the plate in the 
second are oval, two axes of double refraction will be ex- 
hibited. 

When jelly placed in rectangxilar troughs of glass is grad- 
ually indurated, we have a positive and a negative stiucture 
developed, and these, are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
induration to go on at two parallel surfaces, the same fidnges 
are produced as in a rectangular plate of glass heated in oil, 
and subsequently cooled. 

Spheres and spheroids of jelly may be made by proper in- 
duration to produce the same effects as spheres and spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structures. 
In some instances we have two structures of the same name 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it is 
spherical or spheroidal, and superinduce the structure arising 
from induration. I have now before me a spheroidal lens of 
the honeto fish, with one beautiful system of rings along the 
axis of the spheroid, and two systems along the equatorial 
diameters. I have also several indurated lenses of the cod, 
that display in the finest manner their doubly refracting 
Btmcture. 

S 
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CHAP. XXIX. 

FHBMOMEIIA et 001IF08ITE OR TESSKLaTED ORTSTAIiS. 

(145.) In all regularly formed doubly refracting crystals, the 
separation of the two images, the size of the rmgs, and the 
value of the tittts, are exactly the same in all parallel direc- 
tions. If two crystals, however, have ^own together with 
their axes inclined to one another, and if we cut a plate out 
of these united crystals so that the eye cannot distinguish it 
from a plate cut out of a single crystal, the exposure of such a 
crystal to polarized ll^ht will instantly detect its composite 
nature, and will exhibit to the eye the very line of junction. 
This will be obvious upon considering that the polarized ray 
has different inclinations to the axis of each crystal, and will 
therefore produce dillerent tints at these difierent inclinations. 
Hence the examination of a body in polarized light furnishes 
us with a new method of discovering structures which can" 
' not be detected by the microscope, or any other method of 
observation. 

A very fine example of this is exhibited in the bipyramidal 
sulphate of potash, which Count Bonrnon and other crystal- 
lographers re^rded as one simple crystal, whose primitive 
form was the bipyramidal dodecahedron, like the crystal shown 
in^^. 112. But by cutting a plate perpendicular to the axis 
of the pyramid, and exposing it to polarized light, I found it 
to be composed of several crystals, all united so as to form the 
regular figure above represented. The crystal has two axes 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60^ to the plane passing Uirough the 
two axes of each of the other two. So that when we incline 
the plate, each of the three combined crystals displays difiierent 
colors. I have found many remarkable structures of this kind 
in the mineral kingdom, and among artificial salts ; but two 
of these are so interesting as to merit particular notice. 

(146.) The apophyllite from Faroe generally crystallizes in 
right-angled square prisms, and splits with great &cility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knifo the uppermost slice, or the un- 
dermost, it will be found to have one axis of double refraction, 
and to give the single system of rings shown in ^. 98. If 
we remove other slices in the same manner, we shall find 
that when exposed to polarized light they exhibit the curious 
tesselated structure shown in fig, 123. The outer case, 
M O N P, consists of a number of parallel veins or plates. lo 
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the centre is a small lozenge, abcd^ with one axis of double 



«^. 123. 




Fig. 134. 



refraction, and round it are four 
crystals. A, B, C, D, with two axes 
of double refraction, the plane pass- 
ing through the axes of A and D 
bein^ perpendicular to the plane 
passing through the axes of B and 
C; and the former plane being in 
the direction M N, and the latter ip 
the direction O P. 

When the polarized light is trans- 
' mitted through the feces of certain 

grisms, the beautiful tesselated figure shown in Jiff. 124 is ex- 
ibited, all the differently shaded parts shining with the most 
splendid colors. As the prism has every- 
where the same thickness, it is obvious that 
the doubly refracting force varies in different 
parts of the crystal ; but this variation takoEi 
place in such a symmetrical manner in rela- 
tion to the sides and ends of the prism, as to 
set at defiance all the j^. 125. 

recognized laws of 
crystallography. 

With the view of 
observing the form of 
the lines of equal co- 
lor, I immersed the 
crystal in oil, and 
transmitted the polar- 
ized light in a direc- 
tion parallel to a di- 
agonal of the prism; 
the effect then exhib- 




ited is shown in Jig. 

125., where A BCD 

is the crystal; A C, 

and B D, its edges, 
where the thickness is nothinfif, and 
m n the edge through which the di- 
agonal of the prism passes. Now, it 
is obvious, that if this had been a regu- 
lar crystal, the lines of equal tint or of 
equal double refraction would have 
been all straight lines parallel to AC C 
or B D ; but m the apophyllite they present the most singular 
irregularities, all of which are, however, symmetrically re- 
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lated to certain fixed points within the crystal. In the middle 
or the crystal, half way between m and n, there are only^ve 
frillies or orders of colors; at points equi-distant from this 
there are six fringes, the sixth returning into itself in the 
form of an oval At other two equidistant points near m and 
n, the 3d, 4th, and 5th fringes are singularly serrated, and the 
6th and 7th fringes return into themselves in the form of a 
square ; beyond this, near m and n, there are only four fringes, 
in consequence of the fifth returning into itself. 

(147.) A composite structure of a very different kind, but 
extremely interesting from the effects which it' produces, is 
exhibited in many crystals of Iceland spar, which are inter- 
sected by parallel films or veins of various thicknesses, as 
showa in Jig. 126. These thin veins or strata are perpendic- 
ij^, I2g, ular to the short diagonals E F, G H of the 

faces of the rhomb, and parallel to the edges 
E G, F H. When we look perpendicularly 
>jr through the faces AEBF, DGCH,the 
light will not pass through any of the planes 
ehcg, ABCDy afh a, and consequently 
we shall only see tWo images of any object 
^H just as if the planes were not there. But if 
we look through any of the other two pair 
B of parallel faces, we shall observe the two 

common images at their usual distance ; and at a much greater 
distance, two secondary images, one on each side of the com- 
mon image& In some cases there are /our, and in other cases 
six^ secondary images, arranged in two lines ; one line being 
on each side of the common images, and perpendicular to the 
line joining their centres. When the interrupting planes are 
numerous, and especially when they are also found perpen- 
dicular to the short diagonals of the other two faces of the 
rhomb that meet at B, the obtuse summit,: the secondary 
images are extremely numerous, and sometimes arranged in 
pyramidal heaps of singular beauty, vanishing, and reappear- 
mg, and changing their color and the intensity of their light, 
by every inclination of the plate. If the light of the luminous 
object is polarized, the phenomena admit of still greater va- 
riations. When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of re- 
fracted light 

Mains considered these phenomena as produced by fissures 
or cracks within the crystal, and he regarded the colors as 
those of thin plates of air or space ; but I have found that they 
are produced by veins or twin crystals firmly united together 
00 as to resist separation more powerfully than the natural 
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cleavage planes, and I have found this both crystallographicallv, 
by raeasuring the angles of the veins, and optically, by ob- 
serving the system of rings seen through the veins alone. 

This composite structure will be understood from fig, 127., 
where A B £> C is the principal section of a rhomb of Iceland 

Fig. 127. 




spar whose axis is A D. The form and position of one of the 
intersecting veins or rhomboidal plates, is shown at M m N n, 
but greatly thicker than it actually is ; the angles A m M, and 
D 71 N, being 141° 44'. A ray of common light R 6, incident 
OR the face A C at 6, will be refracted in the lines hc^bd. 
These rays entering the vein M m N n, at c and d, will be 
again refracted doubly ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c c, df, 
these colors will depend on the thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from tlie vein at e,f, and 
will be refracted again as in the figure into the pencils e m, 
en^f<>^fp\ the colors of en, fo, being complementary to 
those of €m,/^. That. the multiplication and color of the 
images are owing to the causes now explained may be proved 
ocukrly, as I have done, by dividing rhombs of calcareous 
spar, and inserting between them, or in grooves cut in a single 
plate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced in the artificial one, and we may 
give great variety to the phenomena by inserting thin films in 
■different azimuths round the polarized pencils b c,bd, and at 
different inclinations to the axis of double refraction. 

The compound crystal shown in fig, 127. is in reality a 
natural polarizing apparatus. The part of the rhomb A m N C, 
polarizes the incident light R b. The vein M N is the ^m 
crystallized vein whose colors are to be examined ; and the 
jpart BM n D, is the analyzing rhomb. 

Various other minerals and artificial crystals are intersected 
S2 
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with uial(^u9 veins, and produce analogous phenomena. 
There are several composite crystals which exhibit remarkable 
peculiarities of structure, and display curious optical phe- 
nomena by polarized light. The Brazilian topaz is one of 
those which is worthy of notice, and whose properties I have 
explained by colored drawings, in the second volume of the 
Cambridge Transactions. 

Foi; a full account of the properties- of composite crystals, 
and of the multiplication of images by the cmtals of cal- 
careous spar that are intersected by veins, we refer the reader 
to the Edinburgh Transactions^ v<d. ix. p. 317., and the Phil. 
Trans.j 1815, p. 270. ; or to the Edinburgh Encyclopedia^ 
art Optics. 



CHAP. XXX 

ON THE BICH&OISM, OR DOrBLE OOLOR, OF BODIES; AND 
THE ABSO&FTIOlf OF POLARIZED UOBT. 

(148.) If a crystallized body has a different color in different 
directions when common light is transmitted through its 
substance, it is said to possess dichroism^ which signifies two 
colors. Dr. WoUaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a deep 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Hauy gave the name of 
dichroite,. Mr. Hersehel has observed a similar fact in a 
variety of sub^xysvlphate of iron, which is of a deep hhod 
red color along the axis, and of a Ught green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on the absorption of light, beinff 
regulated by the inclination of the incident ray to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. 

- In a rhomb of yeUoto Iceland spar, the extrawdinary image 
was of an orange yellow color, while the ordinary image was 
yeUounsh white along the axis. The color and intensity of 
the two pencils were the same, and the difierence of color and 
intensity increased with the inclination to the axis. When 
the two images overlapped each other, their combined color 
was the same at all angles with the axis, and this color was 
that of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
orainary image vanishes, and yellowish white in the position 
where the extraordinary image vanishes. The crycdala in the 
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following Table possess the same properties, the ordinary and 
extraordinary images having the colors opposite to their 
nomes: — 



Colors of the two Image* in Crystals 


with ONE Axis. 


K«ran of Cryvtali. 


Priaciinl SwtioH in Tiuu 




Zircon. 


Brownish white. 


Deeper bro^vn. 


Sapphire. 


Yellowish green. 


Blue. 


Ruby. 


Pale yellow. 


Bright pink. 


Emerald. 


Yellowish green. 


Bluish green. 
Yelbwuhgraen. 


Emerald. 


Bluish green. 


Beryl, Wue. 


Bluish white.' 


Blue. 


Beryl, green. 


Whitish. 


Bluish green. 


Beryl, yellowish 
green. 


Pale yellow. 


Pftle green. 


Rock crystal, near- 
ly transparent. 


Whitish. 


Faint brown. 


Rock crystal, yellow. 


Yellowish white. 


Yellow. 


Amethyst. 


Blue. 


Pink. 


Amethyst. 


Greyish white. 
Reddish yellow. 


Ruby red, 


Amethyst. 


Bluish green. 


Tourmaline. 


Greenish white. 


Bluish green. 


Rubellite. 


Reddish white. 


Faint red. 


Idocraae. 


Yellow. 


Green. 


Mcllite. 


Yellow. 


Bluish white. 


Apatite lilac. 


Bluish. 


Reddish. 


Apatite olive. 
Phosphate of lead 


Bluish green. 
Bright green. 


Yellowish green. 
Orange yellow. 


Iceland spar. 


Orange yellow. 


Yelbwish white. 


Octohednte. 


Whitish brown. 


Yellowish brown. 



(149.) When the crystals have two axes of double refrac- 
tion, the'absorption of the incident rays produces a variety of 
phenomena, at and near the two resultant axes. These phe- 
nomena are finely displayed in iolite. This mineral,._wnich 
crystallizes in six and twelve-sided prisms, is of a deep blue 
color when seen along the axis, and of a brotonisk yellow 
when seen in a direction perpendicular to the axis of the 
prism. When we look alon^ the resultant axes which are 
inclined 62^ 50' to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; bat when it 
is thick, and when the plane passing through the axes is in 
the plane of primitive polarization, temchesof blue and white 
light are seen to diverge in the iotm of a cross from the centre 
of the system of rings. This curious effect is shown in fig, 
128., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the plane 
passing through &e axes. The blue branches, which are 
shaded in the figure, are tipped with purple at their summits 
P, P', and are separated by whitish light in some specimens, 
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and by bluish light in others. From P 
and P' to O, the white or yellowish light 
becomes more and more blue, and at O 
it is quite blue ; while from P and P' to 
C and D it becomes more and more 
yellow, and at C and D it is quite yel- 
low, the yellow being almost equally 
bright in the plane A C B D, perpendic- 
ular to the principal axis O. When the 
plane C D is perpendicular to the plane 
of primitive polarization, the poles P, P' are marked with 
patches of white or yellowish light, but everywhere else the 
light is a deep blue. 

When examined by common light, we find that the ordinary 
image is broumish yellow at C and D, and the extraordinary 
one faint blue; the former acquiring some blue rays, and the 
latter some yellow ones from C to D, and from A to B where 
there is still a great difference in the color of the images. 
The yellow image becomes fainter from A to P and P', and 
from B to P and P', where it changes into blue, the feeble 
blue image being gnidually reinforced , by other blue rays till 
the intensity of the two blue images is nearly equal. The 
faint blue image increases in intensity from C to P, and from 
D to P', and the yellow one acquires an accession of blue light, 
and becomes bluish white from P and P' to O ; the ordinary 
image is whitish, and the other a deep blue ; but the white- 
ned gradually diminishes towards O, where the two images 
are almost equally blue. The following table will show that 
this property exists in many other crystds : — 

Cdors tf the two Images in Crystals mih two Axes. 



Topaz blue. 

green. 

greenii^ blue 

pink. 

-c:— pink yellow. 
— ^ )^0W. 
Sulphate of baryta, 
yellowisn ) 
lie. -) 



purp] 



yellow, 
orange yellow 



Cyanite. 
Dichioite. ^ 
Cymophane. 
Epidote olive green, 
whitish green 



Mica. 



White. 

White. 

Reddish grey. 

Pink. 

Pink. 

Yellowish white. 

Lemon yellow. 

Lemon yellow. 
Gamboge yellow. 
White. 
Blue. 

Yellowish white. 
Brown. 
Pink white. 
Reddish brown. 



Plane of ?oteriatioa. 



Blue. 

Green. 

Blue. 

White. 

YeUow. 

Orange. 

Purple. 

Yellowish white. 
Yellowish white. 
Blue. 

Yellowish white. 
Yellowish. • 
Sap green. 
Yellowish white. 
Reddish white. 
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The following table shows the color of the images in ciy»- 
tals with two axes which have not been examined. 



■ of CrysUti. 



Mica. 

Acetate of copper. 

Muriate of copper.* 

Olivine. 

Sphene. 

Nitrate of copper. 

Chiomate of lead. 

Staiuotide. 

Augite. 

Ann3rdrite. 

Axinite. 

Diailage. 

Sulphur. 

Sulphate of strontia. 

cobalt 

divine. 



Blood red. 
Blue. 

Greenish white. 
Bluish irreen. 
Yellow. 
Bluish white. 
Orange. 
Brownish red. 
Blood red. 
Briffht pink. 
Reddish white. 
Brownish white. 
Yellow. 
Blue. 
Pink. 
Brown. 



Pale greenish yellow. 

Greenish yellow. 

Blue. 

Greenish yellow. 

Bluish. 

Blue. 

Blood red. 

Yellowish white. 

Bright sreeh. 

Plale yellow. * 

Yellowish white. 

White. 

Deeper yellow. 

Bluish white. 

Brick red. 

Brownish white. 



In the last nine crystals in the preceding table, the tints are 
not given in relation to any fixed line. 

The following list contains the colors of the two pencils, in 
crystals, whose number of axes is not yet known. 

Fine blue.t Bluish white. » 

Green. Greenish white. 

Yellow. Lighter yeUow. 

Dark ^reen. Lighter anreen. 

Greenish. Yellowim. 

Violet blue. Greenistfybluo. 

Whitish brown. Yellowish brown. 

Lemon yellow, "j * . Deep orange."] || 

Lemon yellow. - ^1 Deep orange. |> ||| 

Lemon yellow. J 3** Deep orange. J nf 



Phosphate of iron. 

Actynolite. 

Precious opoL 

Serpentine. 

Asbefltos. 

Blue carbonate of > 

copper. ) 

Octonedrite (one axis.) 
Chloride of gold and i 

sodium. ) 
and) 



ammonium. 



and i 



potassium. 



(150.) By the application of heat to certain crystals, I have 
been able to produce a permanent difference in the color of 
the two pencils formed by double refraction. This experiment 
may be made most easily on Brazilian topaz. In one of these ^ 
topazes, in which one of the pencils was yellow and the other 
pink, I found that a red heat acted more powerfully upon the 
extraordinary than upon the ordinary pencil, discharging the 
yellow color enth-ely from the one, and producing (»ily a dight 

* The colors are given in relation to the short diagonal of its rhomboidaJ 
frase. 
t When the axis of theyrisB is in the plane of polarization. 



214 . A TREATISE ON OFTICSv 

chanj^ upon the pink tint of the other. When the topaz was 
hot, it was perfectly colorless, and, during the process of cool^ 
ing, it gradually acquired a pink tint, which could not be 
modified or renewed by the most intense heat In various 
topazes, the color of whose two pencils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, and thus gives them the power of absorbing light in 
reference to the axes of double refraction. 

General Observations an Double Refraction. 

(151.) The various facts which have been explained in the 
pieceding chapters, enable us to form very plausible opinions 
respecting the origin and nature of the doubly refracting 
structure. The particles of bodies reduced to a state of 
Quidity by heat, and prevented by the same cause from com- 
bining into a solid l)ody, exhibit no double refraction ; and, in 
like manner, the particles of crvstallized bodies, including 
metals when existing in a state of solution, exhibit no double 
refraotion. As soon, however, as cooling in tbeone case, and 
"ewtporation in the other, permits the particles to combine in 
virtue of their mutual amnlties, these particles have, subse- 
quent to the action of the forces by which they combine, ac- 
quired the doubly refracting structure. This effect may be 
accounted fbr in two ways ; either by supposing that the par- 
ticles have originally a doubly refracting structure, or that 
they have no trace of such a structure. On the first of these 
8«ppositioit8, we must ascribe the disappearance of the double 
refractbn in the fluid mass, and, in the solution, to the opposite 
action of the particles, which must have had an axis in evenr 
possible direction; but as no double refraction is visible, it is 
more philosophical to suppose that none exists in the particles. 
On the second* supposition, then, that the particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought 
together by attraction ; for each particle will have an axis of 
double renraction in the direction of the line joining their . 
centres, as if they had been compressed by an exlemal force. 
By following out this idea, whicn I have done elsewhere,* I 
have shown how the various phenomena may be- explained by 
the different attractive forces of three rectangular axes, which 
may produce a single negative axis, a single positive axis, or 

* PHI. Traruactiona, 1829, or Edinl/urgh Jqurnal of Seience^ new series. 
vol. ri. p. 333—337. 
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.two axes, either both positive or both negative, or the one 
positive and the other negative. The influence of heat, in 
changbg the intensity of the two axes of sulphate of lime, 
and in removing one of the axes, or in creating a new one, 
admits of an easy explanation on these principles. 



PART III. 

ON THE AFPLICATION OP OPTICAL PRINCIPLES TO TAB 
EXPLANATION OP NATURAL PHENOMENA. 



CHAP. XXXI. 
ON UNUSUAL REFRACTION. 

(152.) Thx: atmosphere in which we live is a transparent 
mass of air possessing the property of refracting light We 
learn from the barometer that its density gradually diminishes 
as we rise in the atmosphere, and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it follows, that the refractive power of the atmosphere 
is greatest at the earth's surface, and gradually diminishes 
till the air becomes so rare as scarcely to be able to pro- 
duce any effect upon light When a ray of light falls ob- 
liquely upon a medium Uius varying in density, in place of 
being bent at once out 6f its direction, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in the same manner as if the medium 
had consisted of an infinite number of strata of different re- 
fhictive powers. In order to explain this, let £, fig» 1^., be 
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the eftrth, sunoimded with an atmosphere A B C D, oonsistiDg 
of four concentric strata of different densities and difierent 
T^Vactive powers. The index ci refraction for air at .the 
earth's sor&ce being 1000,294, let os suppose that the index 
of the other three strata is 1-000,200, 1-000,120, 1-000,050. 
Let B E D be the horizon, and let a ray B n, proceeding from 
the sun under the horizon, fiill on the outer stratum at n, 
whose index oi refraction is 1-000,050. Drawing the per- 
pendicular E n m, find by the rule £)rmerly given the angle 
of refraction. En a, corresponding to the angle of incidence 
S n 771. When the ray n a faUs on the second stratum at a, 
whose index of refiuction is 1'000,120» we may in like 
manner, by drawing a perpendicular Ea|^ find the refracted 
ray a b. In the same way, the refracted rays b c and c d may 
be found. The same ray S n will thererore have been re- 
fracted in a polygonal line nabcd, and as it reaches the eye 
in the direction c<2, the sun will be seen in the direction dcS\ 
elevated above the horizon, by the refraction of the atmosdiere, 
when it is still below it In like manner it might be snown 
that the sun appears above the horizon by refraction, when he 
IS actually below it at smiset 

Although the rays of light move in straight fines in vacuo 
and in all media of uniform density, yet, on the surface of the 
globe, the rays proceeding from a distant object, must neces- 
sarily move in a curve line, because they must pass through 
portions of air of different densities and refractive powers. 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or is 
actually within it, is seen in its real place. 

Excepting in astronomical and trigonometrical observations, 
where the greatest accuracy is necessary, thisTefraction of ie 
atmosphere does not occasion any inconvenience. But since 
the density of the air and its refractive power vary ffreatlv 
when heated or cooled, great local heats, or local colds will 
produce great changes of refractive power, and give rise to 
optical phenomena of a very interesting kind. Such phenook- 
ena have received the name of unusual refraction, and they 
are sometimes of such an extraordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) The elevation of coasts, mountains, and ships, when 
seen over the surface of the sea, has long been observed and 
known by the name of looming. Mr. Huddart described 
several cases of this kind, but particularly the very interesting 
one of an inverted image of a ship seen beneath the real ^n. 
Dr. Vince observed at Kamsgate a ship, whose topmasts only 
were seen above the horizon ; but he at the same time ob- 
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Fig. 130. 



served, in the field of the telescope through which he wm 
looking, two images of the complete ship in the air, both di- 
itctly above the ship, the uppermost of the two being erectr 
and the other inverted. He then directed his telescope to 
another ship whose hull was just in the horizon, and he ob- 
served a complete inverted image of it; the mainmast of 
which just touched the mainmast o[ the 
ship itself. The first of these two phe- 
nomena is shown in Jig, ISO. in which A 
is the real ship, and B, C the. images seen 
by unusual refraction. Upon looking at 
another ship, Dr. Vince saw inverted 
images of some of its j^rts which sud- 
denly appeared and vanished, ** first ap- 
pearing,^' says he, *^ below, aind running 
up very rapidly, showing more or less of 
the masts at different times as they broke 
out^ resembling in the swiftness of their 
breaking out the shooting of a beam of the 
aurora S^realis." As the ship continued to 
descend, more of the image gradually ap- 
peared, till the imaffe of the whole ship 
was at last completed, with the mainmasts 
in contact When the ship descended still 
lower, the image receded from tli» ship, but no second imaffe 
was seen. Dr. Vince observed another case, shown in &. 
131., in which the sea was* distinctly 
seen between the ships B, C. As the 
ship A came above the horizon, the image 
C gradually disappeared, and during this 
time the image B descended, but the ship 
did not seem so near the horizon as to 
bring the mainmasts together. The two 
^^ images were visible when the whole ship 
'"^ was beneath the horizon. 

Captain Scoresby, when navigating 
the Greenland seas, observed several very 
interesting cases of unusual refraction. 
On the 2Bth of June, 1820, he saw from 
the mast-head eighteen sail of ships at 
the distance of al»ut twelve miles. One 
of them was drawn out, or lengthened, 
in a vertical direction ; another was con- 
tracted in the same direction ; oae had an 
inverted image immediately above it; 
and other two had two distinct inverted 
T 




Fig. 131. 
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ima^fes aiiove them, accompanied with two images of the strata 
of we. In 182% Captain Scoresby recognized his iither*s 
ehipv the Fame, by its inverted image in the air, although the 
»hip itaeif W€» below the horizon. He afterwards found that 
tiie eiiip was seventeen miles beyond the horizon, and its dis- 
tance thirty miles. In all thesecases, the image was directTy 
above the object ; but on the 17th of Septemfer, 1818, MM. 
Jorme and Soret observed a case of unusual refraction, where 
the image was on one side of the object A bark about 4000 
toises distant was seen approaching Geneva by the left bank 
of the lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of following 
Ihe dijection of the bark, receded from it, and seemed to ap- 
proach Geneva by the right bank of the lake ; the image sail- 
ing from east to west, while the bark was sailing from north 
to soi;^. The image wajs of the same size as tlie object wheD 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the bark when the 
phenomenon eeased. 

While the French army was marching through the sandy 
deserts of Lower Egypt, they saw various phenomena of un- 
usual refraction, to which thev gave the name of mirage. 
When the surface c^ the sand was heated by the sun, the 
land seemed to be terminated at a certain distance by a general 
inundation. The villages sittiated upon eminences appeared 
to be so many islands in the middle of a great lake, and under 
each village there was an inverted image of it As the army 
approached the boundary of the apparent inundation, the 
imaginary lake witlidrew, and the same illusion appeared 
roumi the next village. M. Monge, who has described these 
appearances in the Memoires sur fEgypte, ascribes then* to 

^hich h 



Qexion from a reflecting surface, which he supposes to take 
plaee between two strata of air of different densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
fqur turrets of Dover Castle over a hill between Ramsgate 
and Dover. Dr. Vince, however, on the 6th of August, 1806, 
at seven p. m., saw the whole ojf Dover Castle, as if it had 
been brought over and placed on the Ramsgate side of the hill. 
The ittiage of it was so strong^^hat the hill itself was not seen 
through the image. 

The celebrated ySzto morgana, which is seen in the straits 
of MessinaC and which for many centuries astonished the vul- 
gtar and perplexed philosophers, is obviously a phenomenon of 
this kind. A spectator on an eminence m the city of Reggio, 
with his back to the sun and bis face to the sea, and when tht 
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Fig. 132. 



rising sun shines from that point whence its incident ray 
forms an angle of about 45° on ihe sea of Rcggio, sees upon 
the water numberless series of pilasters, arches, castles well 
delineated, regular columns, lofty towers, superb palaces with 
balconies and windows, villages and trees, pla«is with herds 
and flocks, armies of men on foot and on horseback, all passing 
rapidly in succession on the sur&ce of the sea. These same 
objects are, in particular states cf the atmosphere, seen in the 
air, though lees vividly ; and when the air is hazy, they are 
seeji on me surface of the sea, vividly colored, or firinged with 
all the prismatic colors. 

(154.) That the phenomena above described are generally 
product by refraction through strata of air of different den- 
sities may be proved by various experimenta ' In order to 
illustrate this, Dr. Wollaston poured into a square phial {fig, 
132.) a small quantity of clear syrup^ and above this he poured 
an equal quantit)[ of toalery which grad- 
ually combined with the syrup, as seen at 
A. The word Syrup upon a card held 
behind the bottle appeared erect when 
seen through the pure syrup, but inverted, 
as represented in the figure, when seen 
through the mixture of water and syrup. 
Dr. Wollaston then put nearly the same 
quantity of rectified spirit of wine above 
the water ^ as in the same figure at B, and 
he saw the appearance there represented, 
the true place of the word SpvriU and 
the inverted and erect images below. 
Analogous phenomena may be seen by 
looking at oHects over the surface of a hot poker, or along 
the surface of a wall or painted board heated by the sun. 
' The late Mr. H. Blackadder has described some phenomena 
both of vertical and lateral mirage ai^jseen at King George's 
Bastion; Leith, which are very mstruotive. The extensive 
bulwark, of which this bastion forms the central .part, is formed 
of huge blocks of cut sandstone, and from this to the eastern 
end the phenomena are best seen. Tq the east of the tower 
the bulwark is extended in a straight line to the distance of 
600 feet It is eight feet high towards the land, with a foot- 
way about two feet broad, and three feet from the ground. 
Tlie 3^rapet is three feet wide at top, and is slightly inclined 
towards the sea. 

Whe« the weather is favorable, the top of the parapet re- 
sembles a mirror, or rather a sheet of ice ; and if in this state 
another person stands or walks upon it, an observer at a little 
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distance will see an inverted image of the person under him. 
If, while stfluoding on the footway another person stands on it 
also, but at some distance, with his &ce turned towards the 
sea, his image will appear opposite to him, giving the appear- 
ance of two pers(»is talking or saluting each other. If, again, 
when standing on the footway, and \o3dng in a direction from 
the tower, another person crosses the eastern extremity or the 
bulwark, passinof through the water-gate, either to or from 
the sea, there is produced the appearance of two persons 
moving in opposite directions, constituting what has been 
termed a lateral mirage : first one is seen moving past, and 
then the other in an opposite direction, with some mterval be- 
tween them. In looking over the parapet, distant objects i^re 
seen variously, modified; the mountains (in Fife^ being con- 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
tower, the latter appears curiously modified, part of it being 
as it were cut off and brought down, so as to form another 
small and elegant tower in the form of certain sepulchral 
monuments. At other times it bears an exact resemblance to 
an ancient altar, the fire of which seems to burn with great 
intensity.* . 

(155.) In order to explain as clearly as possible how the 
erect and inverted image of a ship is produced as in fig, 131., 
let S P (Jg. Ida) be a ship in the hohzon, seen at £ by 

Fig, 133, 




P 

means of rays S E, P E passing in straight lines through a 
track of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than tit a, which it may be 
from the coldness of the sea below a, its refractive power will 

* Edinburgh Jtmmal of Science, No. V. p. 13 
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be less at c than at a. In this case, rays S <2, P<g, which, 
under ordinary circumstances, never oould have reached the 
eye at E, will be bent into curve lines P c, S rf ; and if the 
variation of density is such that the uppermost of these rays 
S d crosses the other at any point x, tl^en S d will be under- 
most, and will enter the eye £ as if it came from the lower 
end of the object. If E ;>, E «, are tangents to these curves 
or rays, at the point where they enter the eye, the part S of 
the ship will "be seen in the direction E »,' and the part P in 
the direction E p ; that is, the image s p will be inverted. In 
like manner, otner rays, S n, P m, may be bent into curvea 
S n E, P 7n E, which do not cross one another, so that the 
tangent E «' to the curve or ray S n will still he uppermosV 
and the tangent Ep' undermost. Hence the observer at E 
will see an erect image of the ship at s' p' above the inverted 
image 9 j?, as in fig, 131. It is quite dear that the state .of 
the air may be such as to exhibit only one of these imageai^ 
and that these appearances may be all seen when the real Slip 
is beneath the horizon. 

In one of captain Scoresby's observations we have seen 
that the ship was drawn out, or magnified, in a vertical 4iirec- 
tion, while another ship was contracted or diminished -in 4;he 
same direction. If a cause should exist, which is quite pos- 
sible, which elon^ted the ship horizontally at the same time 
that it elongated it vertically, the effect would be similar to 
that of a convex lens, and the ship would appear magniiied, 
and might be recognized at a distance far beyond 4he limits of 
unassisted vision. This very case seems to have occurred. 
On the 26th July, 1798, at Hastings, at five p. m. Mr. Latham 
saw the French coast, which is about 40 or 50 miles distant, 
as distinctlv as through the best glassea The sailors and fish- 
ermen could not at first be persuaded of the reality of the ap- 
pearance ; but as the cli& gradually appeared more elevated, 
they were so convinced that they pointed out and named to Mr. 
Latham the different places which they had been accustomed 
to visit : such as the bay, the windmill at Boulc^e, St Yallery, 
and other places on the coast of Picardy. All these places 
appeared to them as if they were sailing at a small distance 
into the harbor. Fron^the eastern cliff or hill, Mr. Latham 
saw at once Dungeness, Dover cliffs, and the French coast, all 
the way from Calais, Boulogne, on to St. Vallery, and, as some 
of the fishermen affirmed, as far as Dieppe. The.day was ex- 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 

This class of phenomena may be well illustrated, as I have 
T2 
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elsewhere* suggested, by holding a mass of heated iron above 
a considerable uiickness of water, placed in a glass trough, 
with plates of parallel glass. By withdrawing the heated 
iron, tiie gradation of density increasingr downwards, will be 
accompanied by a decrease of density from the surfkce, and 
through such a medium the phenomena of the mirage may be 
seen. 

(156.) That some of the phenomena ascribed to unusual 
refraction are owing to unusual reflexion, arising irom difier- 
ence of density, cannot, we think, admit of a doubt If an 
observer beyond the earth's atmosphere at S, fig. 129., were 
to look at one composed of strata of different refractive powers 
as shown in the. figure, it is obvious that the light of the sun 
would be reflected at its passage through the boundary of each 
stratum, and the same would happen if the variation of re- 
fractive power were perfectly gradual. Well described cases 
of this kind are wanting to enable us to state the laws of the 
phenomena; but the n>llowing fact, as described by lyr, 
Buchan, is so distinct, as to leave no doubt respecting its ori- 
gin. " Walking on the cliff," says he, " about a mile to the 
east of Brighton, (m the morning rf the 18th of November, 
1804, while watching the rising dl the sun, I turned my eyes 
directly towards the sea just as the solar disc emerged from 
the sur&ce of the water, and saw the face of the cliff on 
which I was standing represented precisely opposite to me at 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon also discovered our 
own figures standing on the summit of the opposite apparent 
clifl^ as well as the representation of a windmill near at hand. 
The reflected images were most distinct precisely opposite to 
where we stood, and the false cliff seemed to fiide away, and 
to draw near to the real one, in proportion as it receded 
towards the west This phenomenon lasted about ten minutes, 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scene in 
a theatre. The surface of the sea was covered with a dense 
fog of many yards in height, and which gradually receded 
before the rays of the sun. The sun's light fell upon the cliff 
at an incidence of about 73^ from the perpendicular." 

* Edinburgh Enefcl^ptediOy art« UeaC, 
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CHAP. xxxn. 

ON THE RAINBOW.* 

(157.) Thb rainbow is, as every perB(»i knows, a luminous 
arch extending across the region of the sky opposite to the 
sun. Under veiy fiivorable circumstances, two oows are seen, 
the inner and the outer, or the primttry and the secondary,. 
and within the primary rainbow, and in contact with it, and 
without the secondary one, there have been seen supernu- 
merary bows. 

The primary or inner rainbow, which is commonly seen 
alone, is part of a circle whose radius is 42°. It consists of 
seven differently cdored bows, viz. violet^ yi^hich is the inner- 
most, indigo^ hlucy green, yellow, orange, and red, which is 
the outermost. These colors have the same proportional 
breadth as the spaces in the prismatic spectrum. This bow is, 
therefore, only an infinite number of prismatic spectra, ar- 
ranged in the circumference of a circle ; and it would be easy, 
by a circular arrangement of prisms, or by covering up all the 
central part of a large lens, to produce a small arch of exactly 
the same colors. All that we require, therefore, to form a 
rainbow, is a great number of transparent bodies capable of 
forming a great number of prismatic spectra from the light of 
the sun. 

As the rainbow is never seen, unless when rain is actually 
falling between the spectator and the sky opposite to the sun, 
we are led to believe that the transparent bodies required are 
drops of rain which we know to be small spheres. If we look 
into a globe of glass or water held above the head, and oppo- 
site to the sun, we shall -actually see a prismatic spectrum re- 
flected from the farther side of the globe. In this spectrum 
the violet rays will be innermost, and the spectrum vertical. 
If we hold tiie globe horizontal on a level with the eye, so as 
to see the sun^s light reflected in a horizontal plane, we i^all 
see a horizontal spectrum with the violet rays innermost. In 
like manner, if we hold a globe in a position intermediate be- 
tween these two, so as to see the sun's light reflected in a 
plane inclined 46° to the horizon, we shall perceive a spec- 
trum inclined 45° to the horizon with the violet innermost 
Now, since in a shower of rain there are drops in all positions 
f elative to the eye, the eye will receive spectra inclined at all 
angles to the horizon, so that when combined they will form 
the large circular spectrum which constitutes the rainbow. 

* In Um GoRegQ edition, see Appendix of Am. ed. chap. vii. 
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To explain this more clearly, let E, F,fig. 134., be drops of 
rain exposed to the sam's rays, incident upon them in the 
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directions RE, R F; out of the whole beam of light which 
&jls upon tiie drop, those rays which pass throug^h or near the 
axis of the drop will be refracted to a focus behind it, but 
those which fall on the upper side of the drop will be refracted, 
the red rays least, and the violet most, and will fall upon the 
back ci the drop with an obliquity such that many of them 
will be reflected, as shown in the figure. These rays will be 
again refracted, and will meet the eye at O, which will per- 
ceive a spectrum or prismatic image of the sun, with the red 
space uppermost, and the violet undermost If the sun, the 
eye, and the drops £, F, are all in the same vertical plane, the 
spectrum produced by E, F will form the colors at the very 
summit of the bow as in the figure. Let us now suppose a 
drop to be near the horizon, so that the eye, the drop, and the 
sun, are in a plane inclined to the horizon ; a ray of the sun*s 
light will be reflected in the same manner as at E, F, with 
this difference only, that the plane of reflexion will be in- 
clined to the horizon, and will form part of the bow distant 
from the summit Hence, it is manifest, that the drops of rain 
above the line joining the eye and the upper part of the rain- 
bow, and in the plane passmg through the eye and the sun, 
will form the upper part of the bow ; and the drops to the 
right and left hand of the observer, and without the lino join- 
ing the eye and the lowest part of the bow, wjll form the 
lowest part of the bow on each hand. Not a single drop, 
therefore, between the eye and the space within the bow is 
concerned in its production : so that, if a shower were to fall 
regularly from a cloud, the rainbow would appear before a 
single drop of rain had reached the ground. 
If wc compute the inclination of the red ray and the violet 
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ray to the incident rays R £, R F, we shall find it to be 42^ 2' 
for the red, and 40^^ IT for the violet, so that the breadth of* 
the rainbow will be the difference of those numbers, or 1° 45', 
or nearly three times and a half the sun's diameter. These 
results coincide so accurately with observation, as to leave no 
doubt that the primary rainbow is produced by two refractions 
and one' intermediate reflexion of the rays that &1\ on the 
upper sides of the drops of rain. 

It is obvious that the red and violet rays will suffer a second 
reflexion at the points where they are represented as quitting 
the drop, but these reflected rays will go up into the sky, and 
cannot possibly reach the eye at O. But though this is the 
case with rays that enter the upper side of the drop as at E F, 
or the side farthest from the eye, yet those which enter it on 
the under side, or the side nearest the eye, may after two re- 
flexions reach the eye, as shown in the drops H, G, where the 
rays R, R enter the drops below. The red and violet rays 
will be refracted in different directions, and after being twice 
reflected will be finally refracted to tlie eye at O ; the violet 
forming the upper part, the red the under part of the spectrum. 
If we now compute the inclination of these rays to the inci- 
dent rays R, R, we shall find them to be 50^ 57' for the red 
ray, and 54° 7' for the violet ray ; the difference of which or 
3° 10' will be the breadth of the bow, and the distance be- 
tween the bows will be 8° 55'.* Hence it is clear that a 
secondary bow will be formed exterior to the primary bow, 
and with its colors reversed, in consequence of their beinff 
produced by two reflexions and two refiractions. The breadth 
of the secondary bow is nearly twice as great as that of the 
primary one, and its colors must be much fainter, because it 
consists of light that has suffered two reflexions in place of one. 

(158.) Sir Isaac Newton found the semi-diameter of the in- 
terior bow to be 42°, its breadth 2° 10', and its distance from 
the outer bow 8° 30'; numbers which agree so well with the 
calculated results as to leave no doubt of the truth of the ex- 
planation which has been given. But if any farther evidence 
were wanted, it may be found in the fact, which I observed in 
1812, that the light of both the rainbows is wholly polarized 
in planes passing through the eye and the radii of the arch. 
This result demonstrates that the bows are formed by reflexion 
at or near the polarizinff angle, from the surface of a trans- 
parent body. The production of artificial rainbows by the 
spray of a waterfell, or by a shower of drops scattered by a 
mop, or forced out of a syringe, is another proof of the pre- 

* No correction for the sun^s apparent diameter, ia here made. 
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ceding explanation. Lunar rainbows are sometimes seen, bat 
the colors are faint, and scarcely perceptible. In 1814, 1 saw, 
at Berne, vl fag-bow, which resembled a nebulous arch, in 
which the colors were invisible. 

(159.) On the 5th of July, 1828, 1 observed three supenra- 
merary bows within the primary bow, each consisting of 
green and red arches, and in contact with the violet arch of 
the primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very fiunt 
green one, constituting a supernumerary bow, analogous! to 
those within the primary rainbow. 

Dr. Halley has diown tha;t the rainbow ibrmed by three re- 
flexions withif^ the drops will encircle the sun itself, at the 
distance of 40° 20*, and that the rainbow formed by four re- 
flexions will likewise encircle him at the distance of 45° 33'. 
The rainbows formed by five reflexions will be partly covered 
by the secondary bow. The light which fi)rms these three 
bows is obvioui^y too &int to make any impression on our 
organs, and these rainbows have therefore never been observed. 

Many peculiar rainbows have been seen and described. On 
the lOdi August, 1665, a fiiint rainbow was seen at Chartres, 
crossing the primary rainbow at. its vertex. It was formed by 
reflexion from the river. 

On the 6th August, 1698, Dr. Halley, when walkmg. on the 
walls of Chester, dbserved a remarkable rainbow, shown in 
fig. 135., where A B C is the primary bow, D H E the second- 
nxj one, and A F H G C the new bow intorseeting th^ second- 
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ary bow D H E, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch F G 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
bow, A H C, had its colors in the same order as the primary 
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one A B C, and consequently the reverse of th6 secondary 
bow ; and on this account the two opposite i^ctra at G and F 
counteracted each other, and produced whiteness. The sun 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the bow A H C was onlv that part of 
the circle of the primary bow that would have been unicler the 
castle bent upwards by reflexion from the river. A third 
rainbow seen between the two common ones, and not con- 
centric with them, is described in Rozier's Journal, and is 
doubtless the same phenomenon as that observed by Dr. Halley. 
Red rainbows, distorted rainbows, and inverted rainbows on 
the grass, have Jbeen seen. The latter are formed by the drops 
of rain suspended on the spiders' webs in the fields. 



CHAP, xxxin. 

ON HALOS, GOBONJB, PARHELIA, AND PARASBLENJS. 

fl60.) When the sun and moon are seen in a clear sky, 
they exhibit their luminous discs without any change of color, 
and without any attendant phenomena. In other conditions 
of the atmosphere, the two luminaries not only experience a 
change of color, but are surrounded with a variety of luminous 
circles of various sizes and form& When the air is charged 
with dry exhalations, the sun is sometimes as red as blood. 
When seen tlirough watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, they are oflen encircled with one, two, three, or even 
more, colored rings, like those of thin plates ; and in cold 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles, 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name halo is given indiscriminately to these phenom- 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paraseleruB 
when seen round the moon. 

The small haloe seen round the sun and moon in fine wea- 
ther, when they arlB partially covered with light fleecy clouds, 
have been also called cororuB. They are very common round 
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the sun, thoagfa, fiom the overpowering brightnesB of his rays, 
they are best seen when he is observed l^ reflexion from the 
sar&oe of still water. In June, 1092, Sir Isaac Newton ob- 
served, by reflexion in a vessel of standing water, three rings 
of color round the sun, like three little rainbowa The colors 
of the first or innermost were blue next the sun, red without, 
and toJnte in the middle between the bliie and red. The colors 
of the second ring were purple and blue within, and pale red 
without, and green in the nuddle. The colors of the third 
rinff were pale blue within and pale red without The colors 
uid diameters of the rings are more particularly given as fol- 
lows : — 
Ist Ring - Blue, white, red - Diameter, 5^ f0 GP, 

3d Ring - Pale blue, pale red - Diameter, 12°. 

On the 19th February, 1664, Sir Isaac Newtcoi saw a hdto 
round the moon, of two rings, as follows : — 

let Ring - White, bluish green, yellow, red - Diameter, 3^ 
3d Ring - Blue, green, red Diameter, 5^° 

Sir Isaac considers these rings as formed by the light pass- 
ing through very small drops of water, in the same manner as 
the colors of thick plates. On the supposition that the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters of the rings should be as follows : — 

Ist Red ring * Diameter, 7p 

2d Red ring Diameter, 10^° 

3d Red ring Diameter, 12° 33' 

The rings will increase in size as the globules become less^ 
and diminSh if the globules become larger. 

The halos round the sun and moon, which have excited 
most notice, are those which are about 47^ and 94^ in diame- 
ter. In order to form a correct idea of them, we shall give 
accurate descriptions of two ; one a parhdwn^ and the other a 
paraselene. 

'The following is the origmal account of a parhelion, seen 
by Scheinerinl630:— 

(161.) " The diameter of the circle M Q N next to the sun, 
was about 45°, and that of the circle O R P was about 95^ 20' ; 
they were colored like the primary rainbow; but the red was 
next the sun, and the other colors in the usual order. The 
breadths of all the arches were equal to one another, and 
about a third part less than the diameter of the sun, as repre- 
sented in^. 136. ; though I cannot say but the whitish eirde 
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O G P, paiallel to the horizon, was rather broader than the 
rest The two parhelia M, N were lively enough, but the 

J^. 136. 




other two at O and P were not so brisk. M and N had a pur- 
ple redness next the sun, and were white in the opposite parts. 
O and P were all over white. Thev all differed m their du- 
rations ; for P, which shone but seldom and but faintly, van- 
ished Jrst of all, being covered by a collection of pretty thick 
clouds. The parhelicm O continued constant for a CTeat while, 
though it was but faint The two lateral parhelia M, N were 
seen constantly for three hours together. M was in a laiK 
guishing state, and died first, afler several struggles, but N 
continued an hour after it at least. Though I did not see the 
last end of it, yet I was sure it was the onl^ one that accom- 
panied the true sun for a long time, havmg escaped tJiose 
clouds and vapors which extinguished the rest However, it 
vanished at last, upon the &11 of some small showera. This 
phenomenon was observed to last 4} hours at least, and since 
It appeared in perfection when I first saw it, I, am j)ersuaded 
its whole duration might be above five hours. 

" The parhelia Q, R were situated in a vertical plane pass- 
ing through the eye at F, and the sun at G, in which vertical 
the arches H R C, O R P either crossed or touched one an- 
other. These parhelia were sometimes brighter, sometimes 
fainter than the rest, but were not so perfect in their shape 
and whitish color. They varied their magnitude and color ac- 
cording to the different temperature of 3ie sun's light at G, 
and the matter that receiv^ it at.Q and R; and therefore 
CJ • 
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their light and color were almost always fluctaating, and con- 
tinued, as it were, in a perpetual conflict. I took particular 
notice that they appeared almost the first and last of the par- 
helia, excepting that of N. 

^ The arches which composed the small halo M N next to 
the sun, seemed to the eye to compose a single circumference, 
hut it was coi^used, and had unequal breadths ; nor did it con- 
stantly continue like itself, but was perpetually fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed fi)r this very purpose.* These 
arches cut each other in a point at Q, and there they formed a 
parhelion ; the parhelia M, N shining from the common inter- 
sections of the umer halo, and the whitish circle O N M P." 

(162.) Hevelius observed at Dantzic, on the 30th of March, 
1660, at one A. M., the paraselene shown in fig. 137. The 
moon A was .seen surrounded by an entire whitish circle 

J^. 137. 




B C D E, in which there were two mock moons at B and D ; 
one at each side of the moon, consisting of various colors, and 
shooting out very long and whitish beams by fits. At about 
two o'clock a larger circle surrounded the lesser, and reached 
to the horizon. The tops of bqth these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three hours. 
The outward gr^t circle vanished first Then the larger in- 
verted arch at C, and then the lesser; and last of all the inner 

* The four intersecting circles which form this inner halo are described 
fro;n foar centres, one at each angle of a small square. 
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circle B C D E disappeared. The diameter of this inner circle, 
and also of the superior arch, was 45^ and that of the exterior 
circle and inferior arch was 90°. 

On another occasion Hevelius observed a large white rec- 
tangular Cross passing through the disc of the moon, the moon 
being in the intersection of the cross, and encircled with a 
halo exactiy like the inner one in the preceding figure. 

(163.) The frequent occurrence of the halos of 47° and 94P 
in cold weather, and especially in the northern regions of the 
globe, led to the belief that they must be formed by crystals 
of ice and snow ^oatkig in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygens, who investrgated the subject both experi- 
mentally and theoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles of 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom of which 
other Articles adhere, the ascending currents preventing • 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the outer 
part of the cylinders may he melted by the heat of the sun, a 
small cvlinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
manner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost all the difficulties which luive been encountered in ex- 
plaining the origin of halos. 

Sir Isaac Newton regarded the halo of 45° as produced by 
* a different cause from die small prismatic coronsB ; and he was 
of opinion that it arose from refraction "froih some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58° or 60°." 

When we consider, however, the great variety of crystal- 
line forms which water assumes in freezing ; that these crys- 
' tals really exist in a transparent state in the atmosphere, in 
the form of crystals of ice, which actually prick the skin like 
needles ; and that ample and compound crystals of snow, of 
every conceivable variety of shape, are often falling through 
the atmosphere, and sometimes melting in passing through its 
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lower and warmer strata, we do not require any hvpothetical 
cylinders to account for the principal phenonlena or halos. 

Mariotte, Young, Cavendish, and others, have agreed in 
ascribing the ha]o of 45° or 46° in dutmeter, to refraction 
through prisms of ice, with refracting angles of 60° floating 
in the air, and having their refracting angles in all. directions. 
The crystals of hoar-frost have actually such angles, and if we 
compute the deviation of the refracted rays of the sun or mocxi 
incident upon such a prism, with the index of refraction for 
ice, taken at 131, we shall find it to be 21° 50', the double 
of which is 43° 40^. In order to explain the larger halo. Dr. 
Young supposes that the rays which have been once refiracted 
by the prism may fall on other prisms, and the effect then be 
'doubled by a second refraction, so as to produce a deviation 
of 90°. This, however, is by no means probable, and. Dr, 
Young has candidly acknowledged the " great apparent prob- 
ability" of Mr. Cavendish's suggestion, that the external halo 
may be produced by the refraction of the rectangular termi- 
nations of the crystala With,an index of refraction of 1'31, 
this would give a deviation of 45° 44', or a diameter of 91^ 
2B', and the mean of several accurate measures is 91° 40', a 
verv remarkable coincidence. 

The existence of prisms with such rectangular terminations 
is still hypothetical ; but I have removed the difficulty on this 
point, by observing in the hoar-frost upon stones, leaves, and 
wood, regular qu^rangular crystals cH ice, both simple and 
compound. 

Althov^ halos are generally represented as circles, with 
the sun or imoon in their centres, yet their apparent form is 
commonly an irregular oval, wider below than above, the sun 
being nearer their upper than their lower extremity. Br. 
SmiSi has shown that this is an optical deception, arising from 
the apparent figure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in the proporticxi of about 2 to 3 or 4 ; 
and is to the horizontal diamet^ drawn through the moon as 4 
to 3, nearly. * 

With the view of ascertainin£r if any of the halos are form- 
ed by reflexion, I have examined them with doubly refracting 
prisms, and have found that the light which forms them has 
not suffered reflexion. 

The production of halos may be illustrated experimentally 
bv crystallizing various salts upon plates of glass, and looking 
through the plates at the sun or a candle. When the crystals 
are granular and properly formed, they will produce the finest 
efl^ts. A few drops of a saturated solutkm of alum, for ez- 
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ainple^ spread over a plate of glass so as to crystallize quickly, 
will cover it ^ilh an imperfect crust, consisting of flat octo* 
hedral crystals, scarcely visible to the eye* When the ob- 
server, with his eye placed cl6se behind the smooth side of the 
glass plate, looks through it at a luminous body, he will per- 
ceive ^ree fine halos at different distances, encircling the 
source of light The interior halo, which is the whitest of 
the three, is formed by the refraction of the rays through a 
pair of faces in the crystals that are least inclined to each 
other. The second halo, which is blue without and red within, 
with all the prismatic colors, is formed by a pair of more in- 
clined &ces; and the third halo, which is large and brilliantly 
colored, from the increased refraction and dispersion, is formed 
by the most inclined faces. As each crystal of alum has three 
pairs of each of these included prisms, and as these refracting 
faces will have every possible direction to the horizon, it is 
easy to understand how the halos are completed and equally 
luminous throughout. When the crystals have the property 
of douEle refraction, and when their axis is perpendicular to 
the plates, more beautiful combinations will be produced. 

(164.) Among the luminous phenomena of the atmosphere, 
we may here notice that of converging and diverging solar 
beams. The phenomenon of diverging beams, represented in 
fig, 138., is of frequent occurrence in summer, and when the 
sun is near the horizon ; and arises from a portion of the sun's 




rays passing through openings in the clouds, while tJie adjacent 

portions are obstructed by 3ie clouds. The phenomenon of 

converging" beams, which is of much rarer occurrencof is 

U2 
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flbown in fig, 199., where the rays converge to a point A, as 
fiu" below the horizon M N as the sun is ahove it This phe- 
nomenon is always seen opposite to the sun, an4 generally tX, 

Fig. 139. 
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the same time with the phenomenon of diverging beams, as if 
another snn, diametrically opposite to the real one, were below 
Ihe horizon at A, and throwing out his divergent beams. In a 
phenomenon of this kind which I saw in 1824, the eastern 
portion of the horizon where it appeared was occupied with a 
black cloud, which seems to be necessary as a ground, for 
rendering visible such feeble radiations. A few mmutes after 
the phenomenon was first seen, the converging lines were 
black, or very dark; an effect which seems to have arisen 
from the luminous beams having become broad and of unequal 
intensity, so that the eye took up, as it were, the dark spaces 
between the beams more readily than the luminous beams 
themselves. 

This phenomenon is entirely one of perspective. Let us 
suppose beams inclmed to one another like the meridians of a 
globe to diverge from the sun, as these meridians diverge from 
8ie north pole of the globe, and let us suppose that planes 
pass through all these meridians, and through the line joining 
the observer and the sun, or their common intersection. An 
e^e, therefore, placed in that line, or in the common intersec- 
tion of all the fifteen planes, will see the fifteen beams con- 
verging to a point opposite the sun, just as an eye in ihe axis 
of a globe would see all the fifteen meridians of the globe 
converge to its south pole. If we suppose the axis of a globe 
or of an armillary sphere to be directed to the c&atres of the 
div^r^g and converging beams, and a plane to pass through 
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the globe parallel to the horizon, it would cut off the meri- 
dians 60 as to exhibit the precise appearances in ^. 138. and 
Jig, 139. ; with this difl^rence onl^, that there wouM be iifleen 
b^ims in the diverging eiystem in the place of the number 
shown in Jf^. 13d. 



CHAP. XXXIV. 

ON TAK 00L0R8 OF MATVIUL B0BIE8. 

(165.) Thkre is no branch of the application of optical 
science which possesses a greater interest than that which 
proposes to determme the cause of the colors of natural bodies. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject ; but though his specula- 
tions are marked with the peculiar genius of their author, yet 
thev will not stand a rigorous examination under the lights of 
modern science. 

That the colors of material nature are not the result of any 
quality inherent in the colored body has been incontrovertibly 
proved by Sir Isaac. He found that all bodies, of whatever 
color, exhibit that color only when they are placed in white 
light In homogeneous red light they appeared red, in violet 
]i?ht violet, and so on ; their colors bemef always best displayed 
wnen placed in their own daylight colors. A.re^ warer^for 
example, appears red in the white light of day, because it re- 
flects red light more copiously than any of the other color& 
If we place a red wafer m yeUow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, however, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appeared absolutely black when 
placed in yellow light The colors, therefore, of bodies arise 
from their property of reflecting or transmitting to the eye 
certain rays of white light, whue they stifle or stop the re- 
maining rays. To this point the Newtonian theory is support- 
ed by infiillible experiments ; but the principal part or the 
theory, which has for its object to determine the manner in 
which particular rays are stopped, while otiiers are reflected 
or transmitted, is not so well Kvunded. 
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As Sir Isaac has stated the principles of his theory with the 
greatest clearness, we shall give them in his own worda 

"1st, Those superficies of transparent bodies reflect the 
greatest quantity of light which have the greatest refracting 
power ; that is, which separate media that differ most in their 
refracting power. And in the confines of equally refracting 
media there is no reflexion. 

"2d, The least parts of almost all natural bodies are in 
some measure transparent ; and the opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
parts. 

" dd. Between the parts of opaque and colored bodies are 
many spaces, either empty, or replenished with mediums of 
other ttensities; as water between the tinging corpuscles 
wherewith any liquor is impregnated; air toween the 
aqueous globules that constitute clouds or mists ; and fi)r the 
most part spaces, void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of all 
bodies. 

" 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored 

•*5th, The transparent parts of bodies, according to their 
several sises, reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I taie to be the ground 
of all their colors." ** 

** 6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades tlieir intersticea 

"7th, The bigness of the component parts of natural bodies 
may "be conjectured by their colors." 

Upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, thick and white opacity, and 
color. He regards the transparency of water, salt, glass, 
stones, and such like substances, as arising from the smallness 
of their particles, and the intervals between them ; for though 
he considers them to be as full of pores or intervals between 
the particles as other bodies are,^ yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in -page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an inch ; the particles of water 
the |th of a millionth, and those of glass the ^ of a millionth; 
because at these thicknesses the light reflected is nothing, or 
the very black of the first order. The opacity of bodies, such 
as that of white paper, linen, &c.f is ascribed by Newton to a 
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greater size of the particles and their intervals, viz. such a 
size as to reflect the white, ivhich is a mixture of the colors 
of the different orders. Hence in air they must exceed 77 
millionths of an inch, in water 57 millionths, and in glass 50 
miUiontha 

In like manner all the different colors in Newton's tahle 
are supposed to be produced when the (MLrticles and their in- 
tervals have an intermediate size between that which pro- 
duces transparency and that which produces white opacity. 
If a film of mica, for example, of an uniform blue color, is cut 
into the smallest pieces of the same thickness, every piece 
will keep its color, and a heap of such pieces will constitute a 
mass of the same color. 

So far the Newtonian theory is plausible ; but in attempting 
to explain black opacity, such as that of coal and other bodies 
absolutely impervious to light, it seems to fail entirely. To 
produce bkicknejse^ **the particles must be less than aoj of 
those which exhibit color. For at all greater sizes there is too 
much liffht reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
very faint blue of the first order, they will reflect so very little . 
light as to appear intensely black." That such bodies will be 
b&ck when seen by reflexion is evident ; but what becomes 
of all the transmitted light 1 This question seems to have 
perplexed Sir Isaac. The answer to it is, ** it may perhaps 
be variously refracted to and fro within the body^, until it 
happens to be stifled and lo^ ; by which means it will appear 
intensely bkcL" 

In this theory, therefore, f rarutporency and bla/6kmess are 
supposed to be produced by the very same constitution of the 
body ; and a refraction to and fro is assumed to extinguish 
the transmitted li^t in the one case, while in the other such 
a refraction is entu^ly excluded. 

In the production of colors of every kind, it is assumed 
that the compl^nentary color, or generally one half of the 
light, is lost by repeated reflexions. Now, as reflexion only 
c&inges the durection of light, we should expect that the lieht 
thus scattered would show itself in some form or Other ; but 
though many accurate experiments have been made to discover 
it, irhas never yet been seen. 

For these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

« See a more detailed examioatioo of tbe tbeory in my Ufe of Sir laaao 
Newton. 

t For an account of Sir David Brew8ter*a outline of a new theory of tbe 
colore i»f natural bodiee, see Note VII. of Am. ed. 
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colors as applicable only to a small class of phenomena, wbil^ 
it leaves unexplained the colors of fluids and transparent 
solids, and all the beautiful hues of the vegetable kingdom. In 
numerous experiments on the colors of leaves, and on the 
juices expressed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there wais an appearance of t^o tints, 
I have found it to arise from there being two diflTerently color- 
ed juices existing in different sides of^tbe leaf. The New- 
tonian theory is, we doubt not, applicable to the coIcm-s of the 
wings of insects, the feathers of birds, the scales of fishes, the 
oxidated films on metal and glass, and certain opalescences. 

The colors of vegetable life and those of variouis kinds of 
solids arise, we are persuaded, from a specifie attraction which 
the particles of these bodies exercise over the difierently col- 
ored rays of light It is by the light of the sun that the colored 
juices of plants are elaborated, that the colors of bodies are 
changed, and that many chemical combinations and decompo- 
sitions are effected. It is not easy to allow that such eflfects 
can be produced by the mere vibration of an ethereal medium; 
and we are forced, by this class of fiicts, to reason ajs if light 
was materiaL When a portion of light enters a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
Tint it is attracted by the particles seems extremely probable, 
and that it enters into combination with them, and produces 
various chemical and physical effects, cannot well be doubted ; 
and without knowing the manner in which this combination 
takes place, we may say that the light is absorbed, which is 
an accurate expression of the fact 

Now, in the case of water, gliiss, and other transparent 
bodies, the light which enters their substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comes 
out colorless, because the particles have absorbed a propor- 
tional quantity of all the different rays which compose white 
light, or, what is the same thing, the body luis absorbed white 
light 

In all colored solids and fluids in which the transmitted 
light has a specific color, the particles of the body have ab- 
scM'bed all the rays which constitute the complementary color, 
detaining sometunes tdl the rays of a certain definite refran- 
ffibility, a^rtion of the rays of other refrangibilities, and al- 
lowing other rays to escape entirely from a£i6rption ; all the 
rays thus stopped will form by ihea union a particular com- 
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pound color, which will be exactly complementary to the color 
of the transmitted rays. 

In black bodies, such as coal, &c., all the rays which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are more easily heated and inflamed by the 
action of the luminous rays. The influence exercised by heat 
and cooling upon the absorptive power of bodies furnishes an 
additional support to the preceding views. 

(166.) Before concludmg this chapter, we may mention a 
few curious facts relative to white opacity, black opacity, and 
color, as exhibited by some peculiar substances. 

1st, Tabasheer, whose refractive power is 1*111, between 
air and water, is a silicious concretion found in the joints of 
the bamboa The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complement- 
ary to the azure. When it is slightly wetted wiA a wet 
needle or pin, the iDct spot instantly becomes milk white and 
opaqite. The application of a greater quantity of water re- 
stores its transparency. 

2dly, The cameleon mineral is a solid substance made hy 
heating the pure oxide of manganese with potash. When it is 
dissolved in a little warm water, the solution changes its color 
from green to blue and purple, the last descending m the order 
of the rings, as if the particles became smaller. 

3dly, A mixture of oil of sweet almonds with soap and sul- 
phuric acid is, according to M. Claubry, first yellow, then 
w^ange, red, and violet. In passing Tram the orange to tlie 
red, the mixture appears almost black. 

4thly, If, in place of oil of almonds, in the preceding ex- 
periment, we employ the oily liquid obtained from alcohol 
neated with chlorine, the colors of tlie mixture will be pale 
yellow, orange, black, red, violet, and beautiful bltie, 

5thly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
minutes red, and then violet-blue, 

6thly, A solution of hcematine in water containing some 
drops of acetic acid is a greenish yellow. When introduced 
into a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yellow, 
orange, red, and purple, and returns gradually to its primitive 
tint. 

7thly, Several of the metallic oxides exhibit a temporary 
change of color by heat, and resume their original color by 
cooling. M. Chevreul observed, that when mdigo, spread 
upon paper, is volatilized, its color passes into a very brilliant 
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poppy-red. The yellow phosphate of lead giows green when 

8thly, One of the most remarkable fiicts, however, is that 
discovered by M. Thenard. He found that phosphorus, purified 
by repeated distillations, thou£[h naturally of a whitish yeUow 
cdor when allowed to cool slowly, becomes absolutely black 
when thrown melted into cold water. Upon touching some 
little globules that still remained yellow and liquid when he 
was repeating this experiment, M. Biot found that they in- 
stantly became solid and blacL 



CHAP. XXXV. 

ON THE KTS AMD VISION. 

All account of the structure and functions of the human 
eye, that masterpiece of divine mechanism, forms an interest- 
inj^ branch of applied optica This noble orpn, by means of 
which we acquire so large a portion of our Knowledge of the 
material universe, is represented in Jigs, 140. and 141., the 
former being a front and external view of it, and the latter a 
section of it through all its humor& 

The human eye is of a spherical form, with a slight pro> 
iection in front The eyeball or globe of the eye consists of 
KHir coats or membranes, which have received the names of 
the sderoHc coat, the choroid coat, the cornea, and the retina; 
and these coats inclose three humors, — ^the aqueous humor& 
the vitreous humor, and the crystaUine humor, the last of 
i;i^ch has the form of a lens, llie sclerotic coat, aaaa, or 
the outermost, is a strong and tou^h membrane, to which are 
attached all the muscles which give motion to the eyeball. 

Fig, 140. 
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and it conetitutes the white of the eye, a a, fif, 140. The 
coTJkea^ 6 6, is the clear and transparent coat which finrms tiie 

Fig, UL 




front of the eyeball, and is the first optical surface at which 
tiie rays of li^ht are refracted. It is firmly united to the 
sclerotic coat, filling up, as it were, a circular aperture in its 
front The cornea is an exceedingly tough membrane, of 
equal thickness throughout, and composed of several firmly 
adhering layers, capable of opposing great resistance to ex- 
ternal injury. The choroid coat is a delicate membrane lining 
the inner surface of the sclerotic, and covered on its inner 
surface with a black pigment Immediately within this pig- 
ment, and close to it, lies the retina, rrr, which is the inner- 
most coat of all. It is a delicate reticulated membrane, formed 
by the expansion of the optic nerve, O O, which enters the eye 
at a point about yV of an inch from the axis cfn the side next 
the nose. At the extremity of the axis of the eye, in a line 
parsing through the centre of the cornea, and perpendicular 
to its surface, there is a small hole with a yellow margin, 
called the foramen centrcUe, which, notwithstanding its name, 
is not a real opening, but only a ^nsparent spot, free from 
the sofl pulpy matter of which the retina is composed. 

In looking through the cornea from without, we perceive a 
fiat circular membrane, ef, fig, 141., or within, b b, fig. 140., 
which is grey, blue, or black, and divides the anterior of the 
eye into two very unequal parts. In the centre of it there is 
a circular opening, d, called the pupil, which widens or ex- 
pands when a smul portion of li^nt enters the e|^e, and closes 
or contracts when a |;reat quantity of light entein. The two 
parts into which the iris divides the eye are called the anterior 
and the posterior chambers. The anterior chamber, which is 
anterior to the iris, ef, contains the aqueous humor ; and the 
posterior chamber, which is posterior to the iris, contains the 
crystalline and vitreous humors, the last of which fills a great 
portion of the eyeball. 
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The ciyBtalline lens, c Cjfig. 141., is a more solid substance 
than either the aqueous or the vitreous humor. It is suspended 
in a transparent bag or capsule by the ciliary processes, g g, 
which are attached to every part of the margin or circumfer- 
ence of the capsule. This lens is more^ convex behind than 
before ; the radius of its anterior surface being 0*30 of an inch, 
and that of its posterior sur&ce 0-22 of an mch. The lens 
increases in density from its circumference to its centre, and 
possesses the doubly refracting structure. It consists of con- ^ 
centric coats, and these are again composed of fibres. The 
vitreous humor, V V, is contained in a capsule, which is sup- 
posed to be divided into several compartmenta 

The total len^ of the eye from O to 6 is about 0*91 of an 
inch ; the principal focal distance of the lens, c c, is 1*73 ; and 
the range of the moving eyeball, or the diameter of the field 
of distinct vision, is 110^. The field of vision is 50^ above a 
horizontal line and 70° below it, or altogether 120° in a ver- 
tical plane. It is 60° inwards and 90° outwards, or altogether 
in a horizontal plane 150°. 

I have found the following to be the refractive powers of 
the different humors of the eye; the ray of light being inci- 
dent upon them firom air ; — 

Aqueous Crystalline Lens. Vitreous 

Humor. •nttaee. Ceatie. Hen. HuVtOr, 

1-3366. 1-3767. 1-3990. i-3839. i-3394. 

But as the rays refracted by the aqueous humor pass into 
the crystalline, and those from the crystalline into the vitreous 
humor, the indices of refraction of the separating surface of 
each of these humors will be : — 

From aqueous humor to outer coat of the crystalline 1*0300 . 

From do. to crystalline, using the mean index • - 1*0353 

From crystalline outer coat to vitreous 0-9729 

From do. to do. using the mean index ... 0*9679 

As the cornea and crystalline lens must act upon the rays 
of light which fiill upon the eye exactly like a convex lens, 
inverted images of external objects will be formed upon the 
retina r r r in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
d. There is this difierence, however, between the two cases, 
that in the eye the spherical aberration is corrected by means 
of the variation in the density of the crystalline lens, which, 
having a greater refractive power near the centre of its mass, 
refracts the central rays to the same point as the rays which 
pass through it near its circumference cc. No provudon, 
however, is made in the human eye for the correction of color» 
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because the deviation of the differently colored rays is too 
small to produce indistinctness of visicHi. If we shut up all 
the pupil excepting a portion of its edge, or look past the 
finger held near the eye, till the finder almost hides a narrow 
line of white light, we shall see a distinct prismatic spectrum 
of this line containing all the different colors; an efl^t which 
could not take place if the eye were achromatic. 

That an inverted image of external objects is formed on 
the retina has been oflen proved, and may be ocularly demon- 
strated by taking the eye of an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin enough 
to see the image through it Beyond this point optical science 
cannot carry us. In what manner the retina conveys to the 
brain the impressions which it receives horn the rays of light 
we know not, and perhaps never shall know. 

Qn the Phenomena and Laws of Visum 

(167.) 1. On the seat of vision, — ^The retina, firom its deli- 
cate structure, and its proximity to the vitreous humor, had 
always been regarded as the seat of vision, or the surftce on 
which the refracted rays were converged to their foci, for the 
purpose of conveying the impression to the brain, till M. 
Mariotte made the curious discovery that the base of the optic 
nerve, or the circular section of it at O, fig, 141., was in- 
capable of conveying to the brain the impression of distinct 
vision. 

He found that when the image of any external object fell 
upon the ba^e of the optic nerve, it mstantly disappeared. In 
order to prove this, we have only to place upon the wall, at 
the height of the eye, three wafers, two feet distant from each 
other. Shutting one eye, stand opposite to the middle wafer, 
and while looking at the outside wafer on the same hand as 
the shut eye, retire gradually from the wall till the middle 
wafer disappears. This will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctly 
seen. If candles are substituted for wafers, the middle candle 
will not disappear, but it will become a cloudy mass of light 
If the wafers are placed upon a colored wall, the spot occu- 
pied by the wafer will be covered by the color of the wall, as 
if the wafer itself had been removed. According to Daniel 
Bernoulli, the p9rt of the optic nerve insensible to distinct 
impressions occupies about the seventh part of the diameter 
of the eye, or about the eighth of an inch. 

This unfitness of the iMise of the optic nerve for giving 



244 A TREATISE ON OFTICS. FAST III. 

distinct vision, induced Mariotte to believe that the choroid 
coat, which lies immediately below the Tetina, perfonns the 
functions ascribed to the retina; for where tiiere was no 
choroid coat there was no distinct vision. The opacity of the 
choroid coat and the transparency of the retina, which render- 
ed it an unfit ground for the reception of images, were aroru- 
ments in favor of this opinion. Comparative anatomy furnishes 
us with another argument, perhaps even more conclusive than 
any of those urged by Mariotte. In the eye of the aepia 
loliffo, or cuttle-fish, an opaque membranous pigment is inter- 
posed bettoeen the retiner and the vitreous humor f*' so that, if 
the retina is essential to vision, the impressions of the image 
on this black membrane must be conveyed to the retina by 
the vibrations of the membrane in front of it Now, since 
the human retina is transparent, it will not prevent the images 
of objects from being formed on the choroid coat ; and the 
vibrations which they excite in this membrane, being com- 
municated to the retina, will be conveyed to the brain. These 
views are strengthened by another fact of some interest I 
have observed in young persons, that the choroid coat (which 
is generally supposed to be black, and to grow fainter bv age,) 
renects a. ^illiant crimson color, like that of dogs and oSier 
animala Hence, if the retma is affected by rays which pass' 
throuffh it, this crimson light which must necessarily be trans- 
mitted by it ought to excite the sensation of crunson, which 1 
find not to be the case. 

A French writer, M. Lehot, has recently written a work, 
endeavoring to prove that the seat of vision is in the vitreous 
humor; and that, in place of seeing a fiat picture of the ob- 
ject, we actually see an image of three dimensions, viz. with 
length, breadth, and thickness. To produce this efi*ect, he 
supposes that the retina sends out a number of small nervous 
filaments, which extend into the vitreous humor, and convey 
to the brain the impressions of all parts of the image. If this 
theory were true, the eye would not require to adjust itself to 
difierent distances ; and we besides know for certain, that the 
eye cannot see wiUi equal distinctness two points of an object 
at difierent distances, when it sees one of them perfectly. M. 
Lehot might indeed reply to the first of these objections, that 
the nervous filaments may not extend far enough into the 
vitreous humor to render adjustment unnecessary ; but if we 
admit this, we would be admitting an imperfection of work- 
manship, in so fiu* as the Creator would then.be employing two 

th, Knox, Edhtb. Journal o/ ScUnee, No. VI. p. 199. 
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kinds of mechanism to produce an efiect which could have 
been easily produced by either of them separately. 

As difficulties still attach to every opinion respecting the 
seat of vision, we shall still adhere to the usual expression 
uMby all optical writers, viz. that the images of objects are 
painted on the retina. 

(168.) 2. On the law of visible directum.-^Wheji a ray 
of light falls upon the retina, and gives us vision of the point 
of an object from which it proceeds, it becomes an interesting 
question to determine in what direction the object will be seen, 
reckoning from the point where it falls upon the retina. In 
^^.142., let F be a pomt of the retina on which the image of 
a point of a distant object is formed by means of the cryst^line 

Fig. 142, 




lens, supposed to be at L L. Now, the rays which form the 
ima^ of^ the point at F fall upon the retina in all possible di- 
rections from L F to L F, and we know that the point F is 
seen in the direction FOR. In the same manner, the points 
ff are seen somewhere in the directions /' S,/T. These 
lines F R,/' S,/T, which may be called the lihes of visible 
direction, may either be those which pass through the centre 
C of the lens L L, or, in the case of the eye, through the 
centre of a lens equivalent to all the refractions employed in 
producing the image ; or it may be the resultant of all the 
directions within the angles L F L, L/L; or it may be a line 
perpendicular to tiie retina at F,/'/. In order to determine 
this point, let us look over the top of a card at the point of 
the object whose image is at F till the edge of the card is just 
about to hide it, or, what is the same thing, let us obstruct all 
the rays that pass through the pupil excepting the upper ones, 
R L, R C ; we shalf then find that the point whose image is at F, 
is seen in the same direction as when it was seen by all the 
rays L F, C F, L F. If we look beneath the card in a similar 
manner, so as to see the object by the lower rays, R L F, R C F 
V2 
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we shall see it ia the sume direction. Hence it is manifest 
that tiie line of visible direction does not depend on the direc- 
tion of the ray, but is always perpendicular to the retina. This 
important truth in the physioloffy of vision may be proved in 
another way. If we look at the sun over the top of a card, 
as before, so as to impress the eye with a permanent spectrum 
by means of rays L F falling obliquely on the retina, this 
spectrum wiJl be seen along the axis of vision F C. In like 
manner, if we press the eyeball at any part where the retina 
is, we shall see the luminous impression which is produced, in 
a direction perpendicular to the point of pressure ; and if we 
make the pressure with the head of a pin, so as to press either 
obliquely or perpendicularly, we shall find that the luminous 
spot has the same direction. 

Now, as the interior eyeball is as nearly as possible a perfect 
sphere, lines perpendicular to the surface of the retina must 
all pass through one single point, namely, the centre of its 
spherical surfs^e. This one point may be called the centre of 
visible direction, because every point of a visible object will 
be seen in the direction of a Ime drawn from this centre to 
the visible point When we move the eyeball by means of its 
own muscles through its whole ran^e of 110°, every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises 
from the immobility of the centre of visible direction, and, 
consequently, of the iines of visible direction joining that 
centre and every point in the visible field. Had the centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. .If we press 
the eye with the finger, we alter the spherical form of the 
surface of the retina ; we consequently alter the direction of 
lines perpendicular to it, and also the centre where these lines 
meet; so that the directions of visible objects sliould be 
changed by pressure, as we find^hem to be. 

(1^.) 3. On the cause of erect vision from an inverted 
image, — As the refractions which take place at the surface of 
the cornea, and at the surfaces of the crystalline leiis, act ex- 
actly like those in a convex lens in forming behind it an in- 
verted image of an erect object ; and as we Know from direct 
experiment that an uiverted image is formed on the retina, it 
has been lon^ a problem among the learned, to determine how 
an inverted image produces an erect object It would be a 
waste of time to give even an outline of the difierent opinicms 
which have been entertained on this subject ; but there is one 
00 extraordinary as to merit notice. According to this opinion, 
all in&nts «ee objects upside down, and it is oxuy by comparing 
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the erroneous information acquired by vision with the accurate 
information acquired by touch, that the young learn to see 
objects in an erect position ! To refute such an opinion would 
be an insult to the mtelligent reader. The establishment of 
the true cause of erect vision necessarily overturns all erro- 
neous hypotheses 

The law of visible direction above explained, and deduced 
from direct experiment, removes at once every difficulty that 
besets the subject The lines of visible direction necessarily 
cross each other at the centre of visible direction, so that those 
from the lower part of the image go to the upper part of the 
object, and those from the upper part of the knage to the lower 
part of the object. Hence^ in Jig, 142. the visible direction 
of the point/', formed by rays coming from the upper end S 
of the object, will be/' C S, and the visible direction of the 
point/, formed by rays coming from the lower end T of tlie 
object, will be/CT; so that an inverted image necessarily 
produces an erect object. 

This conclusion may be illustrated in another way. If we 
hold up against the sun the erect figure of a man, cut out of 
a piece of black paper, and look at it steadily for a little 
while ; if we then shut both eyes, we shall see an erect spec- 
trum of the man when the figure of tlie paper is erect, and 
an inverted spectrum of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from, the object to the retina after the eye is shut, and therefore 
tlie object is seen in the positions above mentioned, in virtue 
of the lines of visible direction being in all cases perpendicular 
to the impressed part of the retina. 

(170.) 4. On the law of distinct vision, — ^When the eyo 
is directed to any point of a landscape, it sees with perfect 
distinctness only that point of it which is directly in the axis 
of the eye, or the image of which falls upon the eentral hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it; 
we still see the other parts of the landscape with sufficient 
distinctness to enable us to enjoy its general eifecL The ex- 
treme mobility of tlie eye, however, and the duration of the 
impressions made upon the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness of vision for all objects situated out of 
the axis of the eye increases with their distances from that 
axis ; so that we are not entitled to ascribe the distinctness of 
vision in the axis to the circumstance of the image being 
tbrroed on the central hole of the retina, where there is no 
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nervous matter ; for if this were the case, there would be a 
precise boundary between distinct and indistinct vision, or the 
retma would be found to grow thicker and thicker as it re- 
ceded from the central hole, which is not the case. 

In making some experiments on the indistinctness of vision 
at a distance from the axis of the eye, I was led to observe a 
very remarkable peculiarity of oblique vision. If we shut one 
eye, and direct the other to any fixc^d point, such as the head 
of a pin, we shall see indistincUv all other objects within tlie 
sphere of vision. Let one of these objects thus seen indis- 
tmctly be a strip of white paper, or a pen lying upon a green 
cloth. Then, after a short time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirely removed, the 
impression of the green cloth upon the surrounding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. In a short time the vanished 
image will reappear, and again vanish. When both eyes are 
open, the very same effect takes place, but not so readily as 
with one eye. If the object seen indistinctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is .luminous, such as a candle, it will 
never vanish entirely, unless its light is much weakened by 
bein^ placed at a ^reat distimce, but it swells and contracts, 
and IS encircled with a nebulous halo; so that the luminous 
impressions must extend themselves to adjacent parts of- the 
retina which are not influenced by the light itself. / 

If, when two candles are placed at the distance of about 
eight or ten feet from the eye, and about a foot from each 
other, we view the one directly and the other indirectly, th^ 
indirect image will swell, as we have already mentioned, and 
will be surrounded with a bright rin^ of yellow light, while 
the bright light within the ring will nave a pale blue color. 
If the candles are viewed through a prism, the red and green 
light of the indirect image will vanish, and there will hd left 
only a large mass of yellow terminated with a portion of blue 
light In making this experiment, and looking steadily and 
directly at one of the prismatic images of the candles, I was 
surprised to find that the red and green rays began to dis- 
appear, leaving only yellow and a small portion of <M»e ; and 
when the eye was kept immovably fixed on the same point of 
the image, the yellow light became almost pure white, so that 
the prismatic image was converted into an elongated image 
of white light. 

If the -strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen double^ the 
rays which proceed from it no longer fall upon corresponding 
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points of the retina, and the two images do not vanish instan- 
taneously. But when the one begins to disappear, the other 
begins soon after it, so that they sometimes appear to be ex- 
tinguished at the same time. 

From these results it appears that oblique or indirect vision 
is inferior to direct vision, not only in distinctness, but from 
its inability to preserve a sustained vision of objects; but 
though thus defective, it possesses a superiority over direct 
vision, in giving us more perfect vision of minute objects, such 
as small stars, which cannot be seen by direct vision. This 
curious &ct has been noticed by Mr. Herschel and Sir James 
South, and some of the French astronomers. ^ A rather sin- 
gular method,'' say Messrs. Herschel and South, ^ of obtaining 
a view, and even a rough measure, of the angles of stars of 
the last degree of faintness, has often been resorted to, viz. to 
direct the eye to another part of the field. In this way, a 
&int star, in the neighborhood of a large one, will often be- 
come very conspicuous ; so as to bear a certain illumination, 
which'^will yet totally disappear, as if suddenly blotted out, 
when the eye is turned fiill upon it, and so on, appearing and 
disappearing alternatelv as often as you please. The lateral 
portions of the retina, less fatigued by strong lights, and less 
exliausted by perpetual attention, are probiS>lj(; more sensible 
to faint impressions than the central ones; which may serve 
to account for this phenomenon." 

The following explanation of this curioos phenomenon 
seems to me more satis&ctory : — A luminous point seen by 
direct virion, or a sharp line of light viewed steadiljr for a 
considerable time, throws the retina iitto a state of agitation 
highly unfavorable to distinct vision. If we look through the 
teeth of a fine comb held close to the eye, or even through a 
single aperture of the same narrowness, at a sheet of illumi- 
nated white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of broken 
serpentine lines, parallel to the aperture, and in constant mo- 
tion ; and as the aperture is turned round, these parallel undu- 
lations will also turn round. These black and white lines are 
obviously undulations on the retina, which is sensible to the 
impressions of li^ht in one phase of the undulation, and insen- 
sible to it in another phase. An analogous effect is produced 
by looking stedfastly, and for a considerable time, on the par- 
allel lines which represent the sea in certain maps. These 
lines will break into portions of serpentine lines, and all the 
prismatic tints will be seen included between the broken tuX' 
viltaear portions A sharp point or line c^ light is therefore 
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unable to keepap a continued vision of itself apon the retina 
when seen directly. 

Now, in the case of indirect vision, we have already ^een 
that a luminous object does not vanish, bat is seen indistinctly, 
and produces an enlarged image on the retina, beside that 
which is produced by the defect of convergency in the pencils. 
Hence, a star seen indirectly, will affect a larger portion of 
the retina fh)m these two causes, and, losing its sharpness, 
will be more distinct It is a curious circumstance, too, Ijiat 
in the experiment with the two candles mentioned above, the 
candles seen indirectly frequently appear more intensely 
bright than the candle seen directly. 

(171). 5. On the insermbility of the eye to direct impres-' 
nons of faint light, — The insensibility of the retina to indi- 
rect impressions of objects ordinarily illuminated, has a sin- 
gular counterpart in its insensibility to the direct impression 
of very fiunt light If we fix the eye steadily on objects in a 
dark room that are illuminated with the feintest gleam of 
light, it will be soon thrown into a state of painful agitation ; 
the objects will appear and disappear according as the retina 
has recovered or lost its sensibility. 

These affections are no doubt the source of many optical 
deceptions which have been ascribed to a supernatural migin. 
In a dark night, when objects are feebly illuminated, their 
disappearance and reappearance must seem very extraordinary 
to a person whose fear or curiosity calls forth all his powers of 
observation. This defect of the eye must have been often 
noticed by the sportsman in attempting to mark, upon the mo- 
notonoas heaths, the particular spots where moor-game had 
alighted. Availing himself of the slightest difierence of tint 
in the adjacent heaths, he endeavors to keep his eye steadily 
upon it as he advances ; but whenever the contrast of illumi- 
nation is feeble, he almost always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again.* 

(172.) 6. On the duration of impressions of light on the 
retina. — Every person must have observed that the effect of 
light upon the eye continues ibr some time. During the 
twinkling of the eye, or the rapid closing of the eyelids for 
the purpose of difiusing the lubricating fluid over the cornea, 
we never lose sight of the objects we are viewing. In like 
manner, when we whirl a burning stick with a rapid motion, 
its burning extremity will produce a complete circle of light 

* See tbe Edinburgh Journal qf 8eienc», No. VI. p. 288. 
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although that extremity can only be in one part of the circle 
at the same instant 

The most instructive experiment, however, on this subject, 
and one which it requires a good deal of practice to make 
well, is to look for a short time at the window at the end of a 
long apartment, and then quickly direct the eye to the dark 
wall. In general, the ordinary observer will see a picture oi 
Che window, in which the dark bars are* white and the white 
panes dark ; but the practised observer, who makes the observ- 
ation witii ^eat promptness, will see an accurate representa- 
tion of the window with dark bars and bright panes; but this 
representation is instantly succeeded bv 3ie complementaiv 
picture, in which the bars are bright and the panes dark. M. 
D*Arcy found that tlie light of a live coal, moving at the dis- 
tance of 165 feet, maintained its impression on the retina 
during the seventli part of a second.* 

(178.) 7. On the cause of single vision with two eyes. — 
Although an image of every visible object is formed on the 
retina of each eye, yet when the two eyes are capable of di- 
recting their axes to any given object, it always appears single. 
There is no doubt that, in one sense, we really see two objects, 
but these objects appear as one, in consequence of the one oc- 
cupying exactly the same place as the other. Single vision 
with two eyes, or with any number of eyes, if we had them, 
is the necessary consequence of the law of visible direction. 
By the action of the external muscles of the eyeballs, the 
axes of each eye can be directed to any point of space at a 
greater distance than 4 or 6 inchea If we look, for example, 
at an aperture in a window-shutter, we know that an image 
of it is formed in each eye ; but, as the line of visible direc- 
tion from any point in the one image meets the line of visible 
direction from the same point in the other image, each point 
will be seen as one point, and, consequently, the whole aper- 
ture seen by one ey^ will coincide with or cover the whole 
aperture seen by the other. If the axes of both eyes are di- 
rected to a point beyond the window, or to a point within the 
room, the aperture will then appear double, biecause the lines 
of visible direction from the same points in each image do not 
meet at the aperture. If the muscles of either of the eyes is. 
unable to direct the two axes of the eyes to the same point, 
the object will in that case also appear double. This inability 
of one eye to fdlow the motions of the other is frequently the - 
cause of squinting, as the eye which is, as it were, left behind 
necessarily looks m a different direction from the other. The 

* For a. farther illustration, see PTote VIII. of Am. ed. 
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same eSeat is often produced by the imperfect vision of ooe 
eye, in consequence of which the g^ood eye only is used. 
Heoc^the imperfect eye will gniduaUy lose the power of fol- 
lowing the motions of the other, and will therefore look in a 
different direction. The disease of squinting may be oflen 
easily cured. 

(174) 8. On the accommodation of the eye tQ different 
distances — ^When the eye sees objects distinctly at a great 
distance, it is unable, without some change, to see objects dis- 
tinctly at any less distance. This will be readily seen by 
looking between the finders at a distant object When the 
distant object is seen distinctly, the fingers will be seen indis- 
tinctly ; and, if we look at the fingers so as to see them di»« 
tinctly, the distant object will be quite indistinct The most 
distinguished philosophers have maintained different opinions 
respecting the method by which the eye adjusts itself to dif- 
ferent distances. Some have ascribed it to the mere enlarge- 
ment and diminution (^ the pupil ; some to the elongation of 
the eye, by which the retina is removed from the crystalline 
lens; some to the motion of the crystalline lens; and others 
to a change in the convexity of the lens, on the supposition 
that it consists of muscular fibres. I have ascertained, by 
direct experiment, that a variation In the aperture of the pupil, 
produced artificially, is incapable of producing adjustment, 
and^as an elongation of the eye would alter the curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of pla^e in the image, we consider this 
hypothesis as quite untenable. 

In order to discover the cause of the adjustment, I made a 
series of experiments, from which the following inferences may 
be drawn :— 

1st, The contraction of the pupil, which necessarily takes 
place when the eye is adjusted to near objects, does not pro- 
duce distinct vision by the diminution of the aperture, but by 
some other action which necessarily accompanies it 

2dly, That the eye adjusts itself to near objects by two 
actions; one of which is voluntary, depending wholly on the 
win, and the other involuntary^ depending on the stimulus of 
light falling on the retina. 

3dl^, T^Lt when the voluntary power of adjustment fails, 
the adjustment may still be efl^ed by the involuntary stimu* 
lus of light 

Reasoning from these inferences, and other resolts of ex- 
periment, it seems difficult to avoid the conclusion that the 
power of adjustment depends on the mechanism which con- 
tracts and dilates the pupil ; and as this adjustment is inde- 
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pendent of the variation of it? aperture, it must be efiected by 
the parts in immediate contact with the base of the iris. BJf 
considering^ the various ways in which the mechanism at the 
base of the iris may jproduce the adjustment, it appears to be 
ahnost certain that the lens is removed from the retina hj the 
contraction of the pupil'*' 

(175.) 9. On the cause ofUmgsightedness and shortnglit- 
edness. — Between the a^es of W and 60, the eyes of most 
persons begin to expenence a remarkable change, which 
generally shows itself in a difficulty of reading smul type or 
fll-printed books, particularly by candlelight This defect of 
sight, which is called longsightedness^ because objects are 
seen best at a distance, arises from a chanffe in the state of 
the crystalline lens, by which its density and refractive power, 
as well as its form, are altered. It frequently begins at the 
margin of the lens, and takes several months to go round it, 
and it is often accompanied with a partial separation of the 
lamine and even of the fibres of the lens. ^ If the human 
eye,'' as I have elsewhiere remarked, ** is not managed with 
peculiar care at this period, the change in the condition of the 
lens often nins into cataract, or terminates in a derangement 
of fibres, which, though not indicated by white opacitv, occa- 
sions imperfections of vision that are often mistaken for 
amaurosis and other diseases. A skilful oculist, who thorouj^hly 
understands the structure of the eye, and all its optical mnc- 
tions, would have no difficulty, by means of nice ex^rimentsb 
in detecting the verv portion of the lens where this change 
has taken place ; in determining the nature and magnitude of 
the change which is going on ; in applymg the proper reme- 
dies for stopping its progress; and in ascertaining whether it 
has advanced to such a state that aid can be obtained from 
convex or concave lenses. In such cases, lenses are often re- 
sorted to before the crystalline lens has sufiered a uniform 
change of figure or of density, and the use of them cannot 
fail to aggravate the very evils which they are intended to 
remedy. In diseases of the lens, where the separation of 
fibres IS confined to small spots, and is yet of such magnitude 
as to give separate colored images of'^a luminous object, or 
irregular halos of light, it is often necessary to limit the aper- 
ture of the spectacles, so as to allow the vision to be performed 
by the good part of the crystaUine lens." 

This defect of the eye, when it is not accompanied with 
disease, may be completely remedied by a convex lens, which 

* For a fuller account of tbeae experiments, see Eiinbitrgh JwnuU tf 
ScwuBt No. I. p. 77. 

w 
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mak^ up for the flatness and diminiahed refractive power of 
the crystalline, and enables the eye to converge the pencils 
flowing from near objects to distinct foci on the retina. 

Shortsightedness mows itself in an inability to see at a dis- 
tance ; and those who experience this defect bring minute ob- 
jects very near the eye in order to see them distinctly. The 
rays from remote objects are in this case converged to foci be- 
fore they reach the retina, and therefore the picture on the 
retina is indistinct This imperfection often appears in early 
life, and arises from an increase of density in the central parta 
of the crystalline lena By using a suitable concave lens the 
ccmvergency of the rays is delayed, so that a distinct image 
can be formed on the retina. 



CHAP. XXXVL 

ON ACCIDENTAL COLORS AND COLORED SHADOWS. 

(176.) When the eye has been strongly impressed with 
anv particular species of colored light, and when in tliis state 
it looks at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye was impressed,, 
but of a different color, which is said to be the accidental color 
of the color with which the eye was impressed. If we place, 
for example, a bright red wafer upon a sheet of white paper, 
and fix the eye st^ily upon a mark in the centre of it, then . 
if we turn the eye upon the white paper we shall see a cir- 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of red, will 
gradually fade away. The bluish green image of the wafer is 
called an ocular spectrum, because it is impressed on the eye, 
and may be carried about with it for a short time. 

If we make the preceding experiment with differently col- 
ored wafers, we shall obtain ocular spectra whose colors vary 
with the color of the wafer employed, as in the following table. 

CAr tf tha W i»fc> Accidtntal Color, or Coioc at 

Red. Bluiah green. 

Orange. Blue. 
Yellow. . Indiso. 

Green. Reddish violet 

Blue. Orange red. 

Indiga Orange yellow. 

Violet Yellow green 

Black. White 

White Black 
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In order to find the accidental color of any color in the spec- 
trum, take half the length of the spectrum in a pair of com- 
passes, and setting one foot in the color whose accidental color 
IS required, the other will fall upon the accidental color. 
Hence the law of accidental colors derived from observation 
may be thus stated : — The accidental color of any color in a 
prismatic spectrum, is that color which in the same spectmra 
is distant from the first color half the length of the spectrum ; 
or, if we arrange all the colors of any prismatic spectrum in 
a circle, in their due proportions, the accidental color of any 
particular color will be the color exactly opposite that par- 
ticular color. Hence the two colors have been called opposite 
colors. 

If the primitive color, or that which impresses the eye, is 
reduced to the same degree of intensity as the accidents 
color, we shall find that the one is the complement of the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
trum, and when mixed together, make white light On this 
account accidental colors have b^an called complementary 
colors. 

With the aid of these facts, the theory of accidental colors 
will be readily understood. When the eye has been for some 
time fixed on the red wafer, the part of the retina occupied 
by the red image. is strongly excited, or, as it w^re, deadened 
by its continued action. The sensibility to red light will 
therefore be diminished ; and, consequently, when the eye is 
turned from the red wafer to the white paper, the deadened 
portion of the retina will be^ insensible to the red rays which 
form part of the white light from the paper, and consequently 
will see the paper of that color which arises from all the rays 
in the white light of the paper but the red ; that is, of a bluish 
green color, which is therefore the true complementa'ry color 
of the red. When a black wafer is placed on a white 
ground, the circular portion of the retina, on which the black 
image falls, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excited by the white light of the paper, 
will be deadened by its continued action. Hence, when the 
eye is directed to the white paper, it will see a white circle 
corresponding to the black image on the retina ; so that the 
accidental color of black is white. For the same reason, if a 
white wafer is placed on a black ground, and viewed stedfastly 
for some time, the eye will afterwards see a black circular 
space; so that the accidental color of white is black. 
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Sach are the phenomena of accidental colors when weak 
li^ht is employed ; but when the eye is impressed powerfully 
with a bright white light, the ]^enomena have quite a different 
character. The first person who made this experiment with 
any care was Sir Isaac Newton, who sent an account of the 
results to Mr. Locke, but they were not published till 1829.* 
Many years before 1691, Sir Isaac, having shut his left eye, 
direct^ the right one to the image of the sun reflected from 
a looking-glass. In order to see the impression which was 
made, he turned his eye to a dark comer of his room, when 
he observed a bright spot made by the sun, encircled by rin^ 
of colors. This " phantom of light and colors," as he calls it, 
gradually vanished ; but whenever he thought of it, it return- 
ed, and became as lively and vivid as at first He rashly re- 
peated the experiment three times, and his eye was impressed 
to such a degree, ^ that whenever I looked upon the clouds, 
or a book, or a bright object, I saw upon it a round bright 
spot of light like the sun ; and, which is still stranger, though 
I looked upon the sun with my right eye only, ami not with 
my left, yet my fancy begun to make an impresision on my left 
eye as well as upon my right; for if I shut my right eye, or 
looked upon a book or the clouds with my left eye, I could see 
the spectrum of the sun almost as plain as with my right eye." 
The effect of this experiment was such, that Sir Isaac durst 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber for three days together, and by 
keepinff m the dark, and employing his mind about other 
thii^psy ne began, in about three or four days, to recover the 
nse of his eyes. In these experiments. Sir Isaac's attention 
was more taken up with the metaphysical than with the op- 
tical results of them, so that he ha!s not described either the 
tiolors vhich he saw, or the changes which they underwent 

Experiments of a similar kind were made by M. ^pinus. 
When the sun was near the horizon, he fixed his eve steadily 
on the solar disc for 15 seconds. Upon shutting his eye he 
saw an irregular pale ndphur yellow image of the sun, encir- 
cled with a fiunt red border. As soon as he opened his eye 
upon a white ground, the image of the sun was a brownish 
red, and its surrounding border sky blue. With his eye again 
shut, the image of the sun became green with a red border, 
different from the last Turning his eye again upon a white 
ground, the sun's image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, with the 

* In Lord King's Life of Locke. 
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border growing a finer red ; and when the eye was open, the 
spectrum became a finer red, end its border a finer blue. M. 
^pinus noticed, that when his eye was fixed upon the white 
ground, the image of the sun frequently disappeared, returned, 
and disappeared again. 

About the year 1808, 1 was led to repeat the preceding ex- 
periments of iSpinus; but, instead of looking at the sun 
when of a dingy color, I took advantage of a hne summer^s 
day, when the sun was near the meridian, and I formed upon 
a white ground a brilliant image of his disc by the concave 
speculum of a reflecting telescope. Tying up my right eye, 
I viewed this luminous disc with my lefl eye through a tube, 
and when the retina was highly excited, I turned my left eye 
to a white ground, and observed tlie following spectra by al- 
ternately opening and shutting it ; — 



Bpcetn with lea eye opvv. 


Spectra with left tif ritat 


1. Pink surrounded with green, 


Green. 


2. Orange mixed with pink. 


Blue. 


3. Yellowish brown. 


Bluish pink. 


4. Yellow. 




5. Pure red. 


Sky blue 


6. Orange. 


Indigo. 



Upon uncovering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
was pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
Uiree times, and always with the same result; so that it would 
appear that tlie impression of tlie solar image was conveyed 
by the optic nerve from the left to the right eye. Sjr Isaac 
Newton supposed that it was his fancy that transferred the 
imaffe from his lefl to his right eye ; but we are disposed to 
think that in his experiment no transference took place, be- 
cause the spectrum which he saw with both eyes was the 
same, whereas in my experiment it was the reverse one. We 
cannot however speak decidedly on this point, as Sir Isaac 
did not observe that the spectra with the eye shut were the 
reverse of those seen with the eye open. If a spectrum ia 
strongly formed on one eye, it is a. very difficult matter to de- 
termine on which eye it is formed, and it would be impossible 
to do this if the spectrum was the same when the eye waa 
open and shut 

The phenomena of accidental colors are oflen finely seen 
when the eye has not been strongly impressed with any par- 
ticular colored object. It was long ago observed by M. Meus- 
W2 
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nier, that when the sun shone through a hole a quarter of an 
inch in diameter in a red curtain, the image of the luminous 
spot was green. In like manner, every person must have ob- 
served in a brightly painted room, illliminated by the sun, that 
the parts of any white object on which the colored light does 
not &11, exhibit the complementary colors. In order to see 
this class of phenomena, I have found the following method 
the simplest and the best Having lig^hted two candles, hold 
before one of them a piece of colored glass, suppose bright red, 
and remove the other candle to such a distance that 3ie two 
shadows of any body formed upon a piece of white paper may 
be equally dark. In this case one of the shadows will be red, 
and the other green. With blue glass, (me of them will be 
bhte^ and the other orange yeUoto ; the one being invariably 
the accidental color of the other. The ver^ same effect may 
be produced in daylight by two holes in a wmdow-shutter ; the 
one being covered with a colored glass, and the other trans- 
mitting me white light of the sl^. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or surface of colored 
^ glass sufficiently thin to throw back its color from the second 
surface. In this case the reflected image will always have 
the complementary color of the glass. The same e^t may 
be seen in looking at the image of a candle reflected firom the 
water in a blue finger-glass ; the image of the candle is yel- 
lowirii : but the effect is not so decided in this case, as the 
' retina is not sufficiently impressed wfth the blue light of the 
glass. 

These phenomena are obviously di^rent from those which 
are produced by colored wafers ; because in the present case 
the accidental color is seen by a portion of the retma which 
is not affected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is therefore requisite, to 
embrace this class of flicts. 

As in acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions of 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic color.* When we look 
at the red wafer, we are at the same time, with the same por- 
tion of the retina, seeing green; but being much fiiir^'er, it 
«eems only to dilute the red, and make it, as it were, whiter, 
by the combination of the two sensations. When the eye 
looks from the wafer to the white paper, the permanent sen- 

* The t«rm harmonie has been applied to accidental colon ; because tha 
^iHitvre and its aocideotal color harmoniae with each other in paintinf. 
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satioD of the accidental color remains, and we see a green 
image. The duration of the primitive impression is only a 
fraction of a second, as we have already shown ; but the dura* 
tion of the harmonic impression continues for a time propor- 
tional to the strength of the impression. In order to apply 
these views to the second class of facts, we must have re« 
course to another principle ; namely, that when the whole or 
a firreat part of the retina has the sensation of any primitive 
color, a pcortion of the retina protected from the impression of 
the color is actually thrown mto that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portions, the influence of 
the direct or primitive color is not propa^fated to parts free 
from its action, excepting in the particular case of oblique 
vision fermerly/mentioned. When the eye, therefore, looks 
at the white spot of solar light seen in the middle of the red 
light of the curtain, the whole of the retina, except the por- 
tion occupied by the image of the white spot, is in the state 
of seeing every thing green; and as the vibrations which 
constitute this state spread over the portions of the retina 
upon which no red light fidls, it will, of course, see the white 
circular spot green. 

(177.) A very remarkable phenomenon of accidental colors, 
in which the eye is not excited by any primitive color, was 
observed by Mr. Smith, surgeon in Fochabers. If we hold a 
narrow stnp of white paper vertically, about a foot from the 
eye, and fix both eyes upon an object at some distance beyond 
it, then if we allow the li^ht of the sun, or the light of a can- 
dle, to act strongly upon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green color, and 
the right hand strip of a red color. If the strip of paper is 
sufficiently broad to make the two images overlap each other, 
the overlapping parts will be perfectly white, and free from 
color ; which proves that the rea and green are complementary. 
When equally luminous candles are held near each ejre, the 
two strips of paper will be white. If when the candle is held 
near the right eye, and the strips of paper are seen red and 
green^ then on bringing the candle suddenly to the left eye, 
the left hand ixni^e c? the paper will gradually change to 
green, and the riffht hand image to red. 

(178.) A singular affection of the retina, in ref^ence to 
•colors, is shown in the inability of some eyes to distin^ish 
certain colors of the spectrum. The persons who experience 
this defect have their eyes generally in a sound state, and are 
capable of p«rfi>nning all the most delicate functions of vision. 
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Mr. Harris, a shoemaker at AlloDby, was iinable ftom his in- 
fancy to distinguish the cherries of a chen|y-tree from its 
leaves, in so &r as color was concerned. Two of his brothers 
were equally defective in this respect, a^jid always mistook 
orange for erass green, and light green for yellow, Harris 
himself could only distinguish black and white. Mr. Scott, 
who describes his own case in the PhiloAphical Transactions, 
mistook pink for a pale blue, and a full re^ for a full green. 

All kinds of yellows and blues, except sky blue, he could 
discern with great nicety. His father, his maternal uncle, 
one of his sisters, and her two sons, had all the same defect 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only of ye^ 
low and light blue ; and he could distinguish with certamty 
only yellow, white, and green. He regarded indigo and Prus- 
sian blue as black. 

Mr. R. Tucker describes the colors of the spectrum as fol- 
lows: — 



Red mistaken for Brown. 

Orange .... Green. 

Yellow sometimes Orange. 

Green .... Orange. 



Blue Bometimei Pink. 
Indigo ... Purple. 
Violet . - ' Purple. 



A gentleman in the prime of life, whose case I had occasion 
to examine, saw only two colors in the spectrum, viz. yellow 
and blue. When the middle of the red space was alisorbed 
bv a blue glass, he saw the black space, with what he called 
the yellow, on each side of it This defect in the perception 
of ^color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difference in the color of the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the soldr spectrum the red is scarcely visible, the rest of it 
appearing to consist of two colors. Mr. Troughton has the 
same detect, and is capable of fully appreciating only blue and 
yellow colore ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those which belong to the latter the sensation of 
yellowness. 

In almost all these cases, the different prismatic colors have 
the power of exciting the sensation of light, and mving a di&> 
tinct vision of objects, excepting in the case of Mr. Dalton, 
who is said to be scarcely able to see the red extremity of the 
jq>ectrum. 

Mr. Dalton hu endeavored to explain this peculiarity of 
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vision by supposing that in his own case the vitreous humor is 
blue, and, uierefore, absorbs a great portion of the red rays 
and other least refrangible rays ; but this opinion is, we think, 
not well founded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered incapable 
of appreciating exactly those differences between rays on 
whicn their color depends.*" 



PART IV. 



ON OPTICAL INSTRUMENTS. 

All the optical instruments now in use have, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
by modem philosophers and opticians. The principles upon 
which most of them have been constructed have already been 
explained, in the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
then: construction and propertie& . 

CHAP. XXXVIL 

ON PLANB AKD OURVBD MIRRORS. 

(ITOi) Onb of the simplest optical instruments is the single 
pkme mirror, or looking-glass, which consists of a plate of 
elwsa with parallel surfaces, one of which is covered with tin- 
foil and quicksilver. The glass performs no other part in this 
kind of plane murror than t^t of holding and g^iving a polished 
sur&ce to the thin bright film of metal which is extended over 
it If the sur&ces of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
seen obliquely ; but even when the sur&ces are parallel, two 
images of an object are formed, one reflected from the first 
surface of glass, and the other from the posterior surface of 
metal ; and the distance of these images will increase with 
the thickness of the glass. The image reflected from the 
glass ia^ however, very fiiint compared with the other; so that 
K>r ordinary purposes a plane glass mirror is sufficiently ac- 
curate; but when a plane mirror forms a part of an optical 

* For the theory recently advaoced by Sir David Brewater to explain 
theie catet, lee Note IX. of Am. ed. 
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instrument where accuracy of vision is required, it must be 
made of steel, or silver, or of a mixture of copper and tin ; 
and in this case it is called a speculum. The formation of 
images by mirrors and specula has been fully described in 
Chap. 11. 

Kaleidoscope, 

(180.) When two plane mirrors are combined in a particu- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute the 
kaleidoscope, or instrument for creating and exhibiting 
beautiful forms. If A C, B C, for example, be sections of two 
plane mirrors, and M N an object placed between them or in 
Fiff. 143. front of each, the mirror A C will form 

behind it an image m n of the object M N, 
,in the manner shown in Jig, 16. . In like 
manner, the mirror B^C will form an 
image M' N' behind it But, as we have 
formerly shown, these images may be con- 
sidered as new objects, and therefore the 
mirror A C will form behind it an image, 
M" N", of the object or image M' N', and 
B C will form behind it an image, m' n', of the object or image 
mn. In like manner it will be found that m" n" will be the 
image of the object or image M" N", formed by B C, and of 
the object er image m! n', formed by A C. Hence m" n" will 
actually consist of two images overlapping each other and 
forming one, provided the angle A C B is exactly 60°, or the 
sixth part of a circumference of 360°. In this case all the 
six images (two of the six forming only one, m" n",) will, 
along with the ori^nal object, M N, form a perfect equilateral 
triangle. The object, M N, is drawn perpendicular to the 
mirror B C, in consequence of which M N and M' N' form 
one straight line ; but if M N is moved, all the images will 
move, and the figure of all the images combined will form 
another figure of perfect regularity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to the multiplication and ar- 
rangement of the images, this is the principle^of the kaleido- 
scope ; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood from jl?^. 144., where ACE 
and B C E represent the two mirrors inclined at an angle 
A C B, and having C E for their line of junction, or common 
intersection. If the object is placed at a distance, as at M N, 
then there is no position of the eye at or above £ which will 
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give a symmetrical arrangement of the six imagenehown in 
^. 143. ; £)r the corresponding parts of the one will never 

Fig. 144 

jsa: 




join the corresponding parts of the other. As the object is 
brought nearer and nearer, the ^mmetry increases, and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is placed as near as po^ible to E, the line 
of junction of the reflectors. The following, therefore, are the 
three conditions of symmetry in the kaleidoscope : — 

1. That the reflectors should be placed at an angle which 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors ; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positions for the object 
both within and without the reflectors, there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 
placing the object in contact with the ends of the reflectors, or 
between them. . 

3. That out of an infinite number of positions for the sitita^ 
tion of the eye, there is only one where the symmetry is per- 
fect, namely, as near as possible to the angular point, so that 
the whole of the circular field can be distinctly seen ; and this 
point is the only one at which the uniformity of the reflected 
light is greatest 

In order to give variety to the figures formed by the instru- 
ment, the objects, consisting of pieces of colored glass, twisted 
^lass of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of ^lass, leaving them just room 
to move about, while this cell is turned round by the hand. 
The pictures thus presented to the eye are beyond all descrip- 
tion splendid and beautiful; an endless variety of symmetrical 
combinations presenting themselves to view, and never again 
rjecmrring with the same form and color. 

For the purpose of extending the power of the instrument, 
and introducing into symmetrical pictures external objects. 



264 A THBA11»B ON OFHCfl. FABT !▼ 

whed^r wnnte or ioaniniate, I applied a convex lens, L h, 
fig, 144, hj means of which an inverted image of a distant 
object, M N, maj be formed at the very extremity of the mir- 
rors, and therefore brought into ,a position of greater sym- 
metry than can be effected in any other way. In this construc- 
tion the lens is placed in one tube and the reflectors in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
pictures, busts, may be introduced into symmetrical combina- 
tions. When the distance E B is less than that at which the 
eye sees objects distinctly, it is necessary to place a convex 
lens at E, to give distinct vision of the objects in the picture. 
See my Treatise on the Kaleidoscope, 

^ Plan^Imming Mirrors 

(181.) A combination of plane burning mirrors forms a pow- 
erful burning instrument ; and it is highly probable that it was 
with such a combination that Archimedes destroyed the ships 
of Marcellus. Athanasius Kircher, who first proved the effi- 
cacy of a union of plane nurrors, went with his pupil Scheiner 
to Syracuse, to examine the position of the hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirty paces distant from Archimedea 

Buffi)n constructed a burning apparatus upon this principle, 
which may be easily explained. If we reflect the light of the 
sun upon one cheek by a small piece of plane looking-glass, 
we shall experience a sensation of heat less than if the direct 
light of the sun fell upon it If with the other hand we re- 
flect the sun's light upon the same cheek with another piece 
of mirror, the warmth wUl be increased, and so on, till with 
five or six pieces we can no longer endure the heat Buflbn 
combined 168 pieces of mirror, 6 inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one spot Those pieces of 
glass were selected which gave the smallest image of the sun 
at 250 feet 

The following^ were the efiects produced by different num- 
bers of these murors : — 



Mirran. OUkX. *" 

.12 20 feet Small combmtibleB inflamed. 

W 21 20 Beech plank burned. 

40 66 Tarred beech plank inflamed. 

45 20 Pewter flask 61b. weight melted. 

98 126 Tarred and sulphured plank set on fire. 
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112 


138 


117 


20 


128 


150 


148 


150 


154 


150 


154 


250 


224 


40 



Plank covered with wool set on fire. 
Some thin pieces of silver melted. 
Tarred fir plank set on fire. 
Beech plank sulphured inflamed violently. 
Tarred plank smoked violently. 

! Chips of fir deal sulphured and mixed with 
charcoal set on fire. 
Plates of silver melted. 

As it is dlfiicult to adjust the mirrors while the sun changes 
his place, M. Peyrard proposes to produce great effects by 
mounting each mirror in a separate frame, carrying a tele- 
scope, by means of which one person can direct the reflected 
ra^s to the object which is to be burned. He conceives that 
with 590 glasses, about 20 inches in diameter, he could reduce 
a fleet to ashes at the distance of a quarter of a league, and 
with glasses of double that size at the distance of half a 
league. 

Plane glass mirrors have been combined permanently into a 
parabolic fi)rm, for the purpose of burning objects placed in 
the focus of the parabola, by the sun's rays; and the same 
combination has been used, and is still in use, for lighthouse 
reflectors, the light being placed in the focus of the parabola. 

Convex and Concave Mirrorf, 

(182.) The general properties of convex and c&ncave mir- 
rors have been already described in Chap. II. Convex mirrors 
are used principally as household ornaments, and are charac- 
terized l^ their property of forming erect and diminished 
images of all objects placed before them, and these images ap- 
pear to be situated behind the mirror. 

Concave mirrors are distinguished by their property of 
forming in fi'ont of them, and m the air, inverted images of 
erect objects, or erect images of inverted objects, placed at 
some distance beyond their principal focus. If a fine trans- 
parent cloud of blue smoke is raised, by means of a chafing- 
dish, around the focus of a large c<Hicave mirror, the ima^e of 
any highly illuminated object will be depicted, in the middle 
of it, with great beauty. A skull concealed from the observer 
is sometimes used, to surprise the ignorant; and when a dish 
of fruit has been depicted in a similar manner, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn ds^ger, which has been quickly substituted for the fruit 
at the other conjugate focus of the mirror' 
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Concave mirrors have been used as lighthouse reflectors, 
and as burning instruments. When used in lighthouses, they 
are formed of plates of copper plated with sdver, and they 
are hammered into a parabolic form, and then polished widi 
the hand. A lamp placed in the focus of the parabola will 
have its divergent light thrown, after reflexion, into something 
like a parallel beam, which will retain its intensity' at^ a great 
distance. 

When concave mirrors are used for burning, they are gene- 
rally made spherical, and regularly ground and polished upon 
a tool, like the specula used in telescopea The most cele- 
brated of these were made by M. Villele, of Lyons, who exe- 
cuted five large ones. One of the best of them, which con- 
sisted of copper and tin, was very nearly four feet in diameter, 
and its focaJ length thirty-eight inches. It melted a piece of 
Pompey's pillar in fifty seconds, a silver sixpence in seven 
seconds and a half, a halfpenny in sixteen seconds, cast-iron 
in sixteen seconds, slate in three seconds, and thin tile in four 
seconds. 

Cylindrical Mirrors 

(183.) All objects seen by reflexion in a cylindrical mirror 
are necessarily distorted. If an observer looks into such a 
mirror with its axis standing vertically, he will see the image 
of his head of the same length as the original, because the 
surface of the mirror is a straight line in a vertical direction. 
The breadth of the face will be greatly contracted in a hori- 
zontal direction, because the surface is very convex in th&t 
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direction, and in intermediate directions the head will have 
intermediate breadths. If the axis of the mirror is held hori* 
zontally, the face will be as broad as life, and exceedingly 
short If a picture or portrait M N is laid down horizontdlv 
before the mirror A B,Jig. 145., the reflected image of it will 
be highly distorted ; but the picture may be drawn distorted 
according to regular laws, so that its image shall have the 
most correct proportions. 

Cylindrical mirrors, which are now very uncommon, used 
to be made for this purpose, and were accompanied with a 
series of distorted figures, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin- 
drical mirror, the reflected image of them has the most per- 
fect proportions. This efiect is shown in Jig, 145., where 
M N is a distorted figure,, whose image in the mirror A B has 
the appearance of a regular portrait 



CHAP. XXXVIII. 

ON SINGLE AND COMPOUND LENSES 

Spectacles and reading glasses are among the simplest and 
most useful of optical instruments. In order to enable a per- 
son who has imperfect vision to see small objects distinctly, 
when they ar^ not far from the eye, such as small manuscript, 
or small type, a convex lens of very short focus must be used 
both by those who are long and short sighted. 

When a short-sighted person, who cannot see well at a dis- 
tance, wishes to have distinct vision at any particular distance, 
he must use a concave lens, whose focal length will be found 
thus,— Multiply the distance at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divide this product by the 
diflerence of the above distances. 

A long-sighted person, who cannot see near objects distinctly, 
must use a convex lens, whose focal length is found by the 
preceding rule. 

In choosing spectacles, however, the best way is to select, 
out of a number, those which are found to answer best the 
purposes for which they are particularly intended. 

Dr. WoUaston introduced a new kind of spectacles, called 
jferiscopiCf from their property of giving: a wider field of dis- 
tinct vision than the common ones. The lenses used for this 
purpose, as shown at H and I, Jig. 19., are meniscuses, in 
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which the convexity predominates, for Icxig-sighted personsy 
and concavo-convex lenses, in which the concavity predomi- 
nates, for short-sig:hted persons. Periscopic spectacles de- 
cidedly give more imperfect vision than common spectacles, 
because they increase both the aberration of figure and of 
color; but they may be of use in a crowded city, in warning 
us of the oblique approach of objects. 

Burning and Illuminating Lenses. 

(184) Convex leilses possess peculiar advantages far con 
centrating the sun's rays, and for conveyinfi* to an immense 
distance a condensed and parallel beam of Tight M. Bu^n 
found that a convex lens, with a long focal length, was prefer- 
able to one of a short focal length for fusing metals by the 
concentration of ti|e sun's rays. A lens, for example, 32 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 lines, melted copper in less than a 
minute ; while a small lens 32 lines in diameter, with a focal 
length of 6 lines, and its focus f of a line, was scarcely capa- 
ble of heating copper. 

The most perfect burning lens ever constructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 7002. 
It was made of flint glass, was* three feet in diameter, and 
weighed 212 pounds. It was 3^ inches thick at the centre ; 
the focal distance was 6 feet 8 inches, and the diameter of the 

Simaffe of the sun in its focus one inch. The rays refracted 
r &e lens were received on a second lens, in whose focus the 
jects to be fused were placed. This second lens had an ex- 
posed diameter of 13 inches; its central thickness was 1| of 
an inch ; the length of its focus was 29 inchea The diameter 
of the focal image was | of an inch. Its weight was 21 
pounds. The combined focal lenjprth of the two lenses was 5 
feet 3 inches, and the diameter of the focal image ^ an inch. 
By means of this powerful burning lens, platinum, gdd, silver, 
copper, tin, quartz, agate, jasper, flint, topaz, garnet, asbestos, 
&;c. were melted in a few seconds. 

Various causes ha'^e prevented philosophers from constmct- 
ing burning lenses of ^eater ma^tude than that made by 
Mr. Parker. The impossibility of procuring pure flint glass 
tolerably free from veins and impurities for a large solid lens ; 
the trouble and expense of casting it into a lenticular form 
without flaws and impurities ; the great increase of central 
thickness which becomes necessary l^ increasing the diameter 
of the lens ; the enormous obstruction that is thus opposed to 
the transmissbn of the solar rays^ and the increased aber- 
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ration which dissipates the rays at the focal point, are insuper- 
able obstacles to the construction of solid lenses of any. con- 
siderable size. 

(185.) In order to improve a solid lens formed of one piece 
of glass, whose section is A m^ B E D A, Bufibn proposed to 
cut out all the glass left white in the figure, viz. Uie portions 
between m 'p^fig* 146., and n o, and between n o and the left 
hand surface of D E. A lens thus constructed would 
be incomparably superior to the solid one AmpBE 
DA; but such a process we conceive to be imprac- 
ticable on a large scale, from the extreme difficulty 
of polishing the surfeces A »i, B p, C n, F o, and 
IP the left hand surface of D E ; and even if it were 
practicable, the greatest imperfections in the glass 
might happen to occur in the parts which are left. 
hi order to remove these imperfections, and to 
^F construct lenses of any size, I proposed, in 1811, to 
build them up of separate zones or rings, each of 
which rings was again to be composed of separate 
segments, as shown in the front view of the lens in Jig. 147. 
Tms lens is composed of one central lens, A B C D, corre- 
sponding with its section D E in Jig, 146., of a middle ring 
G E L I corresponding to C D E F in 
Jig, 146., and consisting of Jive seg- 
ments ; and another ring, N P R T, 
corresponding to A C F B, and con- 
sisting of eight segments. 

The preceding construction obvi- 
* ously puts it in our power to execute 
these compound lenses, to which I 
have given the name of polyzonal 
lenses, of pure flint glass free from 
veins ; but it possesses another ffreat 
advantage, namely, that of enabling 
us to correct, very nearly, the spherical aberration, by malting 
the foci of each zone comcide. 

One of these lenses was constructed, under my direction, 

for the Commissioners of Northern Lighthouses, by Messrs. 

W. and P. Gilbert It was made of pure flint glass, was 

three feet in diameter, and consisted of many zones and seg- 

menta Lenses of this kind have been made in France of 

• crown glass, and have been introduced into the principal 

French lighthouses; a purpose to which they are infinitely 

better adapted than the best constructed parabolic reflectors 

made «f metal. 

A polyzonal lens of at least four feet in diameter will be 

X2 
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rdily executed afl a boming-glasB, andNrill, no doabt, be 
most powerfiil ever made. The means of executing it 
have been, to a considerable degree, supplied by the scientific 
liberality of Mr. Swinton and m. Calder, and other gentlemen 
of Calcutta. 



CHAP. XXXIX. 

OH miFLB AlIB OOMFOUHD FBI81I8. 

Priamatic Lenses. 

(186.) The general properties of the prism in refracting 
and decomposing light have already been explained ; but its 
application as an optical instrument, or as an important part of 
optical instruments, remains to be described. 

A rectangular prism, ABC, Jig. 148., was first applied by 
Sir Isaac Newton as a plane mirror for reflecting to a side the 
rays which form the image in reflecting telescopes. The 

4^^.148. 




vigles, B A C, B C A, being each 45^, and B a right angle, 
rays fidling on the fiice A B will be reflected by the back sur- 
face B C as if it were a plane metallic mirror; for whatever 
be the refraction which they suSer at their entrance into the 
&ce A B, they will sufier an equal and opposite one at the 
fiipe B C. The great value of such a mirror is, that as the 
incident rays fidl upon A C at an angle greater than that at 
which total reflexion commences, they toUl aU wffer total re" 
JUxion, and not a ray will be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A portion of 
light, however, is lost by reflexion at the two surfaces A B^ 
BO, and a small portion by the absorption of the glass itael£ 
Sir Isaac Newton also proposed the convex jpmm, shown at 
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D E f^, the fiices D F, F E being ground convex. An analo- 
gous prism, called the meniscus prism, and shown at G H I, 
has been used by M. Chevalier, of Paris, for the camera ob- 
scura. It differs only from Newton's in the second &ce, I H, 
being concave in place of convex. ^ 

On account of the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two, convex 
surfaces of which are ground at the same time. When a 
longer focus is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be placed or cemented on 
its lower, surface, and if the concave lens is formed out of a 
substance of a dr^rent dispersive power, it may be made to 
correct the color of the convex lens. 

A single prism is used with peculiar advantage far inverting 
pencils of li^ht, or for obtaining an erect image from pencils 
that would give an inverted one. This effect B shown in Jig. 
149., where A B C is a rectangular prism, and R R' R" a par- 
allel pencil of light, which) after being refracted at the pomts 




1, 2, 3, of the face A B, and reflected at the points a, b, c, of 
the base B C, will be again refracted at the points 1, 2, 3, of 
the face A C, and move on in parallel lines, 3r", 2r', Ir ; the 
ray R I, that was uppermost, being now undermost, as at 1 r. 

Compound and Variable Prisms. 

(187.) The great difficulty of obtaining glass sufficiently 
pure for a prism of any size, has rendered it extremely dim- 
cult to procure good ones ; and they have therefore not been 
introduced as they would otherwise have been into optical m- 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to prisms. A prism con- 
structed like A l>,Jig. 150., if properly executed, would have 
exactly the same properties as A B C, and would be incom- 
parably superior to it, from the light passing through such a 
small thickness of glass. It would obviously be difficult to exe- 
cute such a prism as A D out of a single piece of glass^ though 
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it is quite practicable ; but there is do difficulty in combining 
six small prisms all cut out of one prismatic rod, and therefore 




necessarily similar. The summit of the rod should have a 
iSat narrow &ce parallel to its base, which would be easily 
done if the prismatic rod were cut out of a plate of thick par- 
allel glass. Tft separate prisms being cemented to one an- 
oUier, as in the figure,* will form a compound priffln, which 
will be superior to the common prism for all purposes in which 
it acts solely by refraction. 

(188.) A compound prism of a difierent.kind, and having a 
variable angle, was proposed by Boscovich, as shown in Jig. 
151., where A B C is a hemispherical convex lens, moving in 
a concave lens, DEC, of the same curvature. By turning 

Fig. 151. 



one of the lenses round upon the other, the inclination of the 
faces A B, D E, or A B, (J E, may be made to vary from 0° to 
above 90°. 

(189.) As this apparatus is both troublesome to execute and 
difficult to use, I have employed an entirely different principle 
for the construction of a variable prism, and have used it to a 
great extent in numerous experiments on the dispersive pow- 
ers of bodies. If we .produce a vertical line of light by nearly 
closing the window-shutters, and view the line with a dint 
/'glass prism whose refracting angle is 60°, the edge of the re- 
S&cting angle being held vertical, or parallel to the line of 
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light, the luminous line will he seen as a bristly colored 
spectrum, and any small portion of it will resemble almost ex- 
actly the solar spectrum. If we now turn the prism in the 
plane of one of its refracting faces, so that the inclination of 
the edge to the line of light increases gradually from 0° up to 
90^ when it is perpendicular to the line of light, the spectrum 
will gradually grow less and less colored, exactly as if it were 
formed by a prism of a less and less refracting^ingle, till at an 
inclination of 90^ not a trace of color is left. By this simple 
process, therefore, namely, by using a line of light instead of 
a circular disc, we have produced the very same effect as if 
the refracting angle of the prism had been varied from 90^ 
down to 0°.^ 

(190.) Lct it now be required to determine the relative dis- 
persive powers of flint glass and crown glass. Place the 
crown glass prism so as to produce the largest spectrum from 
the line of white light, and let the refracting angle of the 
prism be 40^. Then place the flint glass prism tetween it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown glass prism, or till the 
line of light is perfectly colorless. The inclination of the 
edge of the flint glass prism to the line of light beinj? known^ 
we can easily find, by a simple formula the angle of a prism, 
of flint ^lass which corrects the color of a prism of crown 
dass with a refracting angle of 40°. See my Treatise on 
ffew Philosophical Instruments^ p. 291. 

MtLltiplyirtg Glass. 

(191.^ This lens is more amusing than usefbl, and is intend- 
ed to give a number of images of the same object Though 
it has the chrcular form of a lens, it is nothing more than a 

J^. 152 
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number of pnsms formed by grinding varibus fiat faces on the 
convex sariace of a plano-convex glass, as shown in Jig. 152., 
where A B is the section of a multiplying glass m which only 
three of the planes are seen. A direct image of the object 
C will be seen through the face G H, by the eye at E ; an- 
other image will be seen at D, by the refraction of the face 
H B, and a third at F, by the refraction of the face A G, an 
image being seen through every plane face that is cut upon 
the lens. The image at C will be colorless, and all those 
formed by planes inclined to A B will be colored in proportion 
to the angles which the planes form with A B. 

Natur^ multiplying glasses may be found among trans- 
parent minerals which are crossed with veins oppositely crys- 
tallized, even though they are ground into plates with parallel 
faces. In some specimens of Iceland spar more than a hun- 
dred finely colored images may be seen at once. The theory 
of such multiplying glasses has already been explained in 
Chap. XXIX. 



CHAP. XL. 

ON THE CAMERA OBSCUEA, MAOIC LANTERN, AND 
CAMERA LUCIDA 

(192.) The camerfi obscura, or dark chamber, is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Porta. In its original state it is nothing 
more than a dark room with an opening in the window-shutter, 
in which is placed a convex lens of one or more feet focal 
length. If a sheet of white paper is held perpendicularly be- 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will a[^)ear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however often they may have seen it 
The image is of course inverted, but if we look over the top 
of the paper it will be seen as if it were erect The ground 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the focal distance of the convex lens. 
It is customary, therefore, to make it of the whitest plaster of 
Paris, with as smooth and accurate a sur&ce as possible. 

In ord^r to exhibit the picture to several spectators at once, 
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and to enable any person to copy it, it is desirable that the 
image should be formed upon a horizontal table. This may 
be done by means of a metallic .mirror, placed at an angle of 
45° to the refracted rays, which will reflect the picture upon 
the white ground lying horizontally; or, as in the portable 
camera ob^ura, it may be reflected upwards by the mirror, 
and received on the lower side of a plate of ground glass, with 
its rough sid^ uppermost, upon which the picture may be 
copied with a fine sharp-pointed pencil. 

A very convenient portable camera obscura for drawing 

landscapes or other objects is shown in fig, 153., where A B 

is a meniscus lens, with its concave side uppermost, and the 

Wig. 153. radius of its convex surface being, 

^ to the radius of its concave sur- 

t- — --^f' ^® as 5 to 8, and C D a plane 
^k metallic speculum inclined at an 
,^ AR^^n cingle of 45° to the horizon, so as 

to reflect the landscape downwards 
through the lens A R The 
drau^tsman introduces his head 
through an opening in one side, 
and his hand with the pencil 
through another opening, made in 
stich a manner as to allow no light 
to fall upon the pioture which is 
exhibited on the paper at E F. 
, The tube containing the mirror 
and lens can be turned round by a 
rod within, and the inclination of the mirror changed, so as to 
introduce objects in any part of the horizon. 

When the camera is intended for public exhibition, it con- 
sists of the same parts similarly arranged ; but they arc in 
this case placed on the top of a building, and the rotation of 
the mirror, and its motion in a vertical plane, are eflected by 
turning two rods within the reach of the spectator, so that he 
can introduce any object into the picture from all points of the 
compass and at all distances. The picture is received on a 
table, whose surface is made of stucco, and of the same radius 
as the lens, and this surface is made to rise and fall to accom- 
modate it to the change of fix:us produced by objects at dif^ 
ferent distances. A camera obscura which throws the image 
down upon a horizontal surface may be made without any 
mirror, by using any of the lenticular prisms D E F, G H I, 
M L N, when the objects are extremely near, and P R Qitfig- 
148. The convex sur&ces of these prisms converge the rays 
which are reflected to their focus by the flat faces D £, G H, 
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L N, and P Q; these lenticular prisms may be formed by ce* 
menting plano-convex or concave lenses on the faces A B, BC 
of the rectangular prism A B C, or the convex lens may be 
placed near to A R 

If we wi^ to form an erect image on a vertical plane, the 
prism ABC, Jif. 148., may be placed in front of the convex 
lens, or immediately behind it. The same effect might be 
produced by three reflexions from three mirrors or specula. 

I have found that a peculiarly brilliant effect is given to thef 
images formed in the camera obscur^ when they are received 
upon the silvered back of a lookinsf-glass, smoothed by grind- 
ing it with a flat and soft hone, m the portable camera ob- 
scura I find that a film of skimmed mUk, dried upon a plate of 
glass, is superior to ground glass for the reception of images. 

A modification of the camera obscura, called the megascope,, 
is intended for taking magnified drawings of small objects 
placed near the lens. In tms case, the distance of the image 
behind the lens is greater than the distance of the object te- 
fore it By altering the distance of the object, the size of the 
imafe may be reduced or enlarged. The hemispherical lens 
L M N,>^. 148., is particularly adapted for the megascope. 



Magic Lantern. 

(193.) The magic lantern, an invention of Kircher, is 
shown in^^. 154., where L is a lamp with a powecflil Argand 
burner, placed in a dark lantern. On one side of the lantern 

Fig.va. 




18 a concave mirror M N, the vertex of which is opposite to 
the centre of the flame, which is placed in its focus. In the 
opposite side of the lantern is fixed a tube A B, containing a 
hemisj^erical illuminating lens A, and a convex lens B ; be- 
tween A and B tlie diameter of the tube is increased for the 



CHAP. XL. ON TH£ CAHESA LUCIDA. 1377 

purpose of allowing sliders to be introduced through the sMt 
G D. These sliders contain 4 or 5 pictures, each painted aikl 
highly colored with transparent varnishes, and, by sliding 
them through C D, any of the subjects may be introduced into 
the axis of the tube and between the two lenses A, B. The 
li^ht of the lamp L, increased by the light reflected from the 
mirror falling upon the lens A, is concentrated by it upon the 
picture in the slider; and this picture, being in one of the, 
conjugate foci of the lens B, an enlarged image of it will be 
paint«i on a white cloth, or on a screen of white paper, E, 
standing or suspended perpendicularly. The distance of the 
lens B from the object or the slider may be increased or dimin- 
ished by pulling out or pushing in the tube B, so that a distinct 
picture of the object may be, formed of any size and at any 
distance from B, within moderate limits. If the screen E F u 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the image may be distinctly seen by a spec* 
tator on tne other side of the screen. 

(194.) The phantatmagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which is fixed in view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- 
proach to the screen ; the consequence of which is, that the 
picture on the screen expands to a gigantic size, or contracts 
into an invisible objeqt or mere lummous spot The lens B is 
made to recede from the slider in C D when the lantern a{h 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in order that the picture upon the 
screen may always be distinct This may be accomplished, 
according to Dr. lounff, by jointed rods or levers, connected 
with the screen, which pull out or push in the tube B ; but 
we are of opinion that the required effect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism connected with the wheel& 

Camera Lucida. 

(195.) This instrument, invented by Dr. WoUaston in 1807, 
has come into very general use for drawing landscapes, de- 
lineating objects of natural history, and copymg and reducing 
drawings. 

Dr. Wollaston*s form of the instrument is 'shown in fig, 
155., where A B C D is a ^ass prism, the angle BAD being 
90^ A D C 67J°, and D C B 135°. The rays proceeding firom 



any object, M N, after being reflected by the flukes D C, C B 
to the eye, E, placed above the angle B, the observer will see 
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an image m n of the object M N projected upon a piece of 
paper at mfi. If the eye is now brought down close to the 

Fig.lSS. 




M 



N 



angle B, so that it at the same tune sees into the prism with 
one-half of the pupil, and past the angle B with the other half, 
it will obtain distinct vision of the image m n, and also see the 
paper and the point of the pencil. The draughtsman has, 
therefore, only to trace the outline of the image upon the 
paper, the image being seen with half of the pupil, and the 
paper and pencil with the other Half 

Many persons have acquired the art of using this instru- 
ment with great fiicility, while others have entirely failed. In 
examining the causes of this failure, professor Amici, of Mo> 
dena, succeeded in removing them, and has proposed various 
forms of the instrument free from the Refects cf Dr. Wollas- 
ton's.*** The one which M. Amici thinks the best is shown in 




* An accoant of these various forms will be found in the Eiinh»wk 
J0umml tf 8ei9nu, No. V. pu 157. * 
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fig. 156., where A B C D is a piece of thick pajrallel glass, 
F G H C a meUdlic mirror, whose &ce, F G, is highly polish- 
ed, and inclined 45° to B C. Rays from an object, M N, after 
passinff through the glass A B (5 D, are reflected from F G^ 
and afterwards from the face B C of the glass plate to the eye 
at £2, by which the object, M N, is seen at m ti, where the 
paper is placed. The pencil and the paper are readily seen 
through the plane glass A B C D. * In order to make the two 
faces of the glass, AD, B C, perfectly parallel, M. Amici 
forms a triangular prism of glass, and cuts it through the 
middle ; he then joins the two prisms or halves, A D C, C A B, 
so as to form a parallel plate, and by slightly turning round 
the prisms, he can easily find the position in which the two 
faces are perfectly parallel. 



CHAP. XLI. 

ON MICROSCOPES. 

A MICROSCOPE is an optical instrument for magnifying and 
examining' minute objects. Jansen and Drebell are supposed 
to have separately invented the single microscope, and Fon- 
tana and Galileo seem to have been the first who constructed 
the instrument in its compound form. 

Single Microscope, 

(196.) The single microscope is nothing more than a lens 
or sphere of any transparent substance, in the fixjus of which 
minute objects are placed. The rays which issue from each 
point of the object are refracted by the lens into parallel rays, 
which, entering the eye placed immediately behind the lens, 
afford distinct vision of the object The magnifying power 
of all such microscopes is equal to the distance at which we 
could examine the object most distinctly, divided by the focal 
length of the lens or sphere. If this distance is 5 inches, 
which it does not exceed in good eyes when they examine mi- 
nute objects, then the magnifying power of each lens will be 
as follows: — 
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The linear noLenifymg power is the number of times an 
object is magnified in length, and the superficial magnifying 
power is the number of times that it is magnified in surface. 
if the object is a small square, then a lens of one inch focus 
will ma^iify the side of the ilquare 5 times, and its area or 
sarfiu^e 25 timea 

The best smgle microscopes are minute lenses ground and 
polished on a concave tool ; but as the perfect execution of 
these requires considerable skill, small spheres have been oflen 
constructed as substitutes. Dr. Hooke executed these spheres 
in the following manner : having drawn out a thin strip of 
window-glass into threads by the flame of a lamp, he held one 
of these threads with its extremity in or near the fiame, till it 
ran into a globule. The globule was then cut off and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glass. He sometimes ground off the end of the 
thread, and polished that part of the sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripoli, and remelting them 
with the blowpipe ; the consequence of which was, that they 
assumed a perfectly spherical form. Mr. Butterfield executed 
similar spheres by taking upon the wetted point of a needle 
some finely pounded gla^ and melting it by a spirit lamp into 
a globule. If the part next the neecBe was not melted, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
fiame till it was a perfect sphere. M. Sivright, of Meggetland, 
has made lenses by putting pieces of glass in small round 
apertures between the 10th and 20th of an inch, made in pla- 
tinum leaf. They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert- 
ing drops of water m small apertures. I have made them in 
the same way with oils and varnishes ; but the finest of all 
single microscopes may be executed by forming minute plano- 
convex lenses upon glass wiUi difierent fluids. I have also 
formed excellent microscopes by using the spherical crystal- 
line lenses of minnows and other smedl fish, and taking care 
that the Ixis of the lens is the axis of vision, or that the ob- 
server looks through the lens in the same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those moAe of the gems, such as garnet, ruby^ 

8oe E^&nh%rgh J<mr%al tfT Science, No. III. p. 88. 
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safphircj and diamond* The advantages of such lenses I first 
pointed out in my Treatise on Philosophical Instruments; 
and two ienses, one of ruby and another of garnet, were exe- 
cuted for me by Mr. Peter Hill, optician in Edinburgh. These 
lenses performed admirably, in consequence of their producing, 
with surfaces of inferior curvature, the same magnifying 
power as a glass lens ; and the distinctness of the image was 
increased by their absorbing the extreme blue rays of the 
spectrum. Mr. Pritchard, of London, has carried this branch 
of the art to the highest perfection, and has executed lenses 
of sapphire and diamond of great power and perfection of 
workmanship. 

When the diamond can be procured perfectly homogeneous 
and free from double refraction, it may be wrought into a lens 
of the highest excellence ; but the sapphire, which has double 
refraction, is less fitted for this purpose. Garnet is decidedly 
the best material for single lenses, as it has no double refrac- 
tion, and may be procured, with a little attention, perfectly 
pure and homogeneous. I have now in my possession two 
garnet microscopes, executed by Mr. Adie, which far surpass 
every solid lens I have seen. Their focal length is between 
the 30th and the 50th of an inch. Mr. Veitch, of Inchbonny, 
has likewise executed some admirable garnet lenses out of a 
Greenland specimen of that mineral given to me by Sir Charles 
Giesecke. 

(197.) A single microscope, which occurred to me some 
years ago, is shown in^^. 157., and consists in a new method 
of umig a hemispherical lens so as to obtain from it twice 




ihe magnifying power which it jfossesses when used in the 
'Common way. If A B C is a hemispherical lens, rays issuing 
ifrom any object, R, will be refiracted at the first surface A C, 
and, after total reflexion at the plane surface B C, will be 
vagaiii refracted at the second surface A B, and emerge in par- 
Y2 
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allel directioDB d ef, exactly in the same maimer as if they 
bad not been reflected at the points a, 6, c, but had passed 
through the other half B A' C of a perfect sphere A B A' C. 
The d)ject at R will therefore be magnified in the same man- 
ner, and will be seen with the same distinctness as if it had 
been seen through a sphere of glass A B A' C. We obtain, 
consequently, by this contrivance, all the advantages of a 
spherical lens, which we believe never has been executed by 
grinding. The periscopic principle, which will presently 
be mentioned, may be communicated to this catoptric lens, as 
it may be called, by merely grinding off the angles B C, or 
rough grinding an annular space on the plane sur&ce B C. 
The confusion arising from the oblique refractions will thus 
be prevented, and the pencils from every part of the object 
will fidi symmetrically upon the lens, and be symmetrically 
refracted. 

Before I had thought of this lens, Dr.. Wollaston had pro- 
posed a method of improving lenses, which is shown in Jig. 
Fig.iss. 1^* ^® introduced between two pki^ 
convex lenses of equal size and radius, a 
■ plate of metal with a circular aperture equal 

^--J|-%^ to Jth of the focal length, and when the 
/^ I ^^ aperture was well centered, he found that 
/ 'I \ the visiUe field was 20^ in diameter. In 
I n I this compouiid lens the oblique pencils pass, 

\ n / ^^ ^^ central ones, at right angles to the 
\ H / surfiice. If we compare tiiis lens with the 
\Jl>/ catoptric one above described, we shall see 
Tl that the effect which is produced in the one 

case with two spherical and two plane sur&ces, all ground 
separately, is produced in the other case by one spherical and 
one plane surrace. 

(198.) The idea of Dr. Wollaston may, however, be im- 
proved mother ways, by filling up the central aperture with 

Fig.lSd, 
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a cement of the same refractive power as the lenses, or, what 
is far better, by taking a sphere of g^lass and grinding away 
the equatorial parts, so as to limit the central aperture, as 
shown in Jig, 159. ; a construction which, when executed in 
garnet, and used in homogeneous light, we conceive to be the 
most perfect of all lenses, either for single microscopes, or for 
the object lenses of compound ones. 

When a single microscope is used for opaque obiects, the 
lens is placed within a concave silver speculum, which con- 
centrates parallel or converging rays upon the face of the ob- 
ject next the eye. 

Compound Microscopes. 

(199.) When a microscope consists of two or more lenses 
or specula, one of which forms an enlarged image of objects, 
while the rest magnify that image, it is called a compound 
microscope. The lenses, and the profi^ress of the rays through 
them in such an instrument, are shown in Jig. 160., where 
A B is the object glass, and C D the eye glass. An object, 

Fig. 160. 




M N, placed a little &rther from A B than its principal focus, 
will have an enlarged image of itself formed at m n in an in- 
verted position. If this emarged image is in the focus of an- 
otiier lens, C D, placed nearer the eye than in the figure, it 
will be again magnified, as if m n were an object The mag- 
nifying elect of 3ke lens A B is found by dividing the distance 
of the image m n from the lens A B by'the distance of the 
object from the same lens ; and the. magnifying effect of the 
eye glass C D is found by the rule for single microscopes ; and 
these two numbers being multiplied' together, will be the 
magnifying power of the compound microscope. Thus, if M A 
is ^tii of an mch, A n, 5 inches, and C n ^ an inch, (m n hemg 
Buproosed in the fbcus of C D,) the effect of the lens A B will 
be 20, and that of C D 10, and the whple power 200. A larger 
lens than any of the other two, called the field glass, and 



r^ 



shown at E F, is generally placed between A B and the image 
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mn, for the purpose of enlarging the field of view. It has 
the effect of diminishing the magnifying power of the instru- 
ment by finrming a smdler image at v u, which is magnified 
by CD. 

The inpenuity of philosophers and of artists has been liearly 
exhausted in devising the best forms of object elaases and of 
eye glasses for the compound microscope. Mr.Coddin^n 
has recommended four lenses to be employed in the eye piece 
of compound microscopes, as shown in fig, 161. ; and along 
with these he uses, as an object glass, the sphere excavated at 




the equator, as in fig. 159., for the purpose of reducing the 
aberration and dispersion. '* With a sphere," says he, *' prop- 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
oompietely and most easily, as I have found m practice, the 
whole imace is perfectly distinct, whatever extent of it be 
taken ; ana the radius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished to one-half, liesides all this, 
another advantage appeuv in practice to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eve, which, having passed without deviation 
through a lens, id bent by the eye, the vision is never firee 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defect, 
and I therefore conceive that if jt were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps, Dr. Wollaston's 
doublet * * * Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eye 
piece, k may without difficulty be employed for opaque ob- 
jectB."* The difficulty of making the spherical glass on a 
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very minute scale, which Mr. Coddington here mentions, and 
which is hy no means insurmountable, is, I conceive, entirely 
removed by substituting a hemisphere, as shown in fig, 157., 
and contracting the aperture in the manner there mentioned. 
Dr. WoUaston's microscopic doublet shown in^^. 162., con- 
Fig. 162. s^ of two plano-convex lenses wi, n, 

with their plane sides turned towards 
the object Their focal lengths are as 
one to three^ and their distance from lyV 
to 1^ inch, the least convex being next 
the eye. The tube is about six inches 
long, having at its lower end, C D, a cir- 
cular perforation about A of an inch in 
diameter ; through which light radiating 
from R is reflected by a plane mirror ab 
below it At the upper end of the tube 
is a piano-Convex lens A B, about f of an 
inch focus, with its plane side next the 
observer, the object of which is to form 
a distinct image of the circular perfora- 
tion, at 6, at the distance of about -^ oi 
an inch from A B. With this instrument. 
Dr. Wollaston saw the finest strife and 
serratures upon the scales of the lepiama 
and poduray and upon the scales of a 
gnat s wing. 

(200.) Double and triple achromatic 
lenses have been recently much used for 
. the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they oerform well 
they are very expensive, ana by no means 
superior to other instruments that are properly constructed.* 
The power of using homogeneous light, indeed, renders them 
in a great measure unnecessary, especially as we can employ 
either of Mr. HerschePs double lenses shown in JigB. 43. and 
' 44., which are entirely free from spherical aberration. One of 
these, fig, 44., has been executed \ of an inch focus, with an 
aperture of ^ of an inch ; and Mr. Pritchard, to whom it be- 
long informs us that it brings out all the test objects, and ex- 
hibits opaque ones with facility. 

In applying the compound microscope to the examination of 
objects of natural history, I have recommended the immersion 
or the object in a fluid, for the purpose of expanding it and 




• Set Edinburgh Jourml ^ Seitnet, No. VIII. new lerjei, p. 344. 
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giving its minute parts their proper position and appearance. 
In order to render this method perfect, it is proper to immerse 
the anterior surfiice of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and accommodate the mteridr 
surfiice to the diflerence of their dispersive powers, the object 
glass may be made perfectly achromatic. The superiority of 
such an instrument in viewing animalculie and the mdecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out 

On R^ecting Microtcopes. 

(201.) The simplest of all reflecting microscopes is a con- 
cave mirror, in wiuch the face of the miservcr is always mag- 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, Jig. 14, will 
have a magnified picture of it formed at M N; and when this 
picture is viewed by the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distance A n 
of the object firom the mirror is contained in the distance A M 
of the imi^e. 

But if, instead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple reflecting mi- 
croscope into a compound reflecting microscope, composed of 
a mirror and a lens. This microscope was first proposed by 
Sir Isaac Newton ; and after being long in disuse has been re- 
vived in an improved form by Professor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance was 2|^ inches. The image is formed in the other focus 
of the ellipse, and this miage is magnified by a single or double 
eje piece, eight inches fi'om the reflector. As it is imprac- 
ticable to illuminate the object m n when situated as in Jig. 
14., professor Amici placed it without the tube or below the 
line BN, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B, 
^nd having its diameter about half that of A B. 

Dr. Goring, to whom microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He uses 
a small plane speculum less than ^ of the diameter of the 
concave speculum, and employs the following ^)ecu]a of very 
short focal distances : — 

VoaldMnMiBiMbM. AptHon ia iMho. 

1-5 0-6 

1-0 0-3 

0-6 03 

0-8 0-3 
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That ingenious artist Mr. Cuthbert, who executed these im- 
provements, has more recently, under Dr. Goring's direction, 
finished truly elliptical specula, whose aperture is equal to 
their focal length. This he has done with specula having 
half an inch fi^us and half an inch aperture, and three tent& 
of an inch fi)cus and three tenths of an inch aperture. Dr. 
Goring assures us that this microscope exhibited a set of lon- 
gitudinal lines on the scales of the podura in addition to the 
two sets of diagonal ones previously discovered, and two sets 
of diagonal lines oh the scales of the cabbage butterfly in ad- 
dition to the longitudinal ones with the cross stripe, hitherto 
observed.* 

On^est Objects. 

(202.) Dr. Goring has the merit of having introduced the 
use of test objects, or objects whose texture or markings re- 
quired a certain excellence in the microscope to be well seen. 
A few of these are shown in^g. 163. as given by Mr. Pritch- 
ard. A is the wing of the menelaus, B and C the hair of the 

Fig. 163 




bat, and D and E the hair of the mouse. The most difficult 
of all liie test objects are those in the scales of the podura and 
the cabbage butterfly mentioned above. 

Rules for microscopic Observations. 

(203.) 1. The eye should be protected from all extraneous 
light, and should not receive any of the light which proceeds 
from the illuminating centre, excepting what is transmitted 
through or reflected from the object 

2. Delicate observations should not be made when the fluid 
which lubricates the cornea is in a viscid state. 

3. The best position for microscopical observations is when 

* Sec Edinburgh Journal tf Scitnee, No. IV. new leriM, p. 331. 
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the observer is lying horizontally on his back. This arises 
from the perfect stability of his head, and from the equality 
of the lubricating film of fluid which covers the cornea. The 
worst of all positions is that in which we look downwards ver- 
tically. 

4. If we stand straight up and look horizontally, parallel 
markmgs or lines will be seen most perfectly when their di- 
rection is vertical ; viz. the direction in which the lubricating 
fluid descends over the cornea. 

5. Every part of the object should be excluded, except that 
which iai under immediate observation. 

6. The light which illuminates the object should have a 
very small diameter. In the day-time it should be a single 
hole in the window-shutter of a darkened room, and at night 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are used, 
the natural diameter of the illuminating light should be di- 
minished, and its intensity increased, by optical contrivances. 

8. In every case of microscopical observations, homogeneous 
yellow light, procured from a monochromatic lamp, s\Siu\d be 
employed. Homogeneous red light may be obtained by cobred 



Solar Microscope. 

(204.) The solar microscope, is nothing more than a magic 
lantern, the light of the sun being usea instead of that of a 
lamp. The tube A B, Jig, 154., is inserted in a hole in the 
window-shutter, and the sun*s light reflected into it by a long 
plane piece of looking-glass, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

Living objects, or objects of natural history, are put upon a 
glass slider, or stuck on the point of a needle, and introduced 
mto the opening C D, so as to be illuminated by the sun*s rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen £ F. 

Those who wish to see the various external forms of micro- 
scopes of all kinds, and the difl^rent modes of putting them 
up, are referred to the article Microscope, in the Edinburgh 
Encydoptedia, vol xiv. p. 215—233. In the latest work on 
the microscope, viz. Dr. GOTii^ and Mr. Pritchard's " Micro- 
scopical Ulustrations," London, 1830, the reader will find 
much valuable and interesting information. 

* See the article BficaoicOPs, EtUn^urgh Enejfebpadia, vol. xiv. p.2tf. 
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CHAP. XUL 

ON BEFRAcmra anb reflechno tblbkxxpiq. 

Astronomical Telescope, 

(205.) That the telescope was invented in the thirteenth 
century, and perfectly known to Roger Bacon, and that it was 
used in England by Leonard and Thomas Digges before the 
time of Jansen or ualileo, can scarcely admit of a doubt The 
principle of the refracting telescope, and the method of com- 
puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the di&rent forms 
which it successively assumed. 

The astronomiccd telescope is represented in Jig, 164. It 
consists of two convex lenses A B, C D, Ihe former of which 




is called the object glass, from bein^ next the object M N, and 
the latter the eye glass, from its bem^ next the eye £. The 
object glass is a lens with a long foc&I distance ; and the eye 
glass is one of a short focal distance. An inverted image m n 
of any distant object M N is formed in the focus of the object 
^lass A B ; and this image is magnified by the eye glass C D, 
m whose anterior focus it is placed. By tracing the rays 
through the two lenses, it will be seen that they enter the eye 
E parallel. If the object M N is near the observer, the image 
mn will be found at a greater distance from AB; and the 
eye glass C D must be drawn out from A B to obt^n distinct 
vision of the image m n. Hence it is usual to fix the object 
glass A B at the end of a tube longer than its focal distance, 
and to place the eye glass C D in a small tube, called the eve 
tube, which will slide out of, and into, the larger tube, tor Van 
purpose of adjusting it to objects at different distances. Tha 
magnifying power of this telescope is equal to the focal length 
of Uie object glass divided by the focal length of the eye glass. 
Telescopes of this construction were made by Campani 
Oivini and Huygens, of the enormous leiiffth of 120 and 196 
foet; Md it was with instruments 12 and 24 foet k>nff that 
Hujif ens diaccnrered the ring and the fourth satellite of Satunu 
Z 
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In order to use object glasses of such great focal lengths with- 
out the encumbrance of tubes, Huygens placed uie object 
glass in a short tube at the top of a very long pole, so that 
tiie tube could be turned in etery possible direction upon a 
ball and socket by means of a string, and brought into the 
same line with another short tube containing the eye glass, 
which he held in his hand. 

As these telescopes were liable to all the imperfections 
arising from the aberration of refrangibility and that of spher- 
ical ^ure, they could not show objects distinctly when the 
aperture of the object glass was great ; and on this account 
their magnifying power was limited. Huygens found that the 
following were the proper proportions : — 

Foeii] leoftli oT the Apertnn of tk* Fool kngtli of th* 
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In the astronomical telescope, the object, M N, is always seen 
inverted. • 

Terrestrial Telescope. 

(206.) In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
structed as in Jig. 165., which is the same as the preceding 
one, with the addition of two lenses E F, G H, which have the 

Fig.l&S. 




same focal Jength as C D, and are placed at distances equal to 
double their common focal length. If the focal lengths are not 
equal, the distance of any two of them must be equal to the 
sum of their focal lengths. In this telescope the progress of 
the rays is exactly the same as in the astronomical one, as far 
as L, where the two pencils of parallel rays C L, D L cross in 
the anterior focus L of the second eye glass E F. These rays 
Ming on E F form in its principal focus an erect image, m' n\ 
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which is seen erect by the third eye glass 6 H, as the rays 
diverging from m! and n' in the focus of G H enter the eve 
in parallel pencils at E'. The magnifying power of this tele- 
scope is the same aa that of the former when the eye glasses 
ore equal. 

Galilean Telescope, 

(207.) This telescope, which is the one used by Galileo, 
differs in nothing from the astronomical telescope, excepting 
in a concave eye glass C D, Jig. 166. being substituted for the 
convex one. The concave lens C D is placed between the 




image m n and the object glass, so that the image is in the 
principal focus of the concave lens. The pencils of rays 
A B n, A B m fall upon G D, conrcrging to its principal focus, 
and will therefore be refracted into parallel lines, which will 
enter the eye at E, and give distinct vision of the object The 
magnifying power of this telescope is found by the same rule 
as that for the astronomical telescope : it gives a smaller and 
less agreeable field of view than the astronomical telescope, 
but it has the advantage of showing the object erect, and of 
giving more distinct vision of it 

Qregorian Reflecting Telescope. 

(206.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec- 
ulum ; but there is no evidence that he constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the constraction 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telescope is shown in fig. 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 
parabola. For nearer ones it should be an ellipse in whose 
ferther focus is the object, and in whose nearer focus is tlie 
image ; and in both these cases the speculum would be free 
from spherical aberration. But, as these curves cannot be 
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eommutiicated with eertainty to specula, optieians are satisfied 
with giving to them a correct spherical figure. In front of the 

lif. 1C7. 
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large speculum is placed a small concave one, C D, which 
can be moved nearer to and farther fi-om the large speculum 
by means of the screw W at the side of the tube. This spec- 
ulum should have its curvature elliptical, though it is gene- 
rally made spherical. An eye-piece consisting of two convex 
lenses, £, F, placed at a distance equal to half the sum of their 
focal lengths, is screwed into the tube immediately behind the 
ffreat speculum A B, and permanently fixed in that position. 
If rays M A, N B, issuing nearly parallel from the extremities 
M and N of a distant object, fall upon the speculum A B, they 
will form an inverted image of it at m n, as more distinclJy 
shown in fig, 14 

If this ima^ m n is farther from the small speculum C D 
than its principal focus, an inverted image of it, m' n', or an 
erect ima^e of the real object, since m n is itself an inverted 
one, will be formed somewhere between E and F, the rays 
passing through the opening in the speculum. This image 
tn' n' might have been viewed and magnified by a convex eye 
glass at F| but it is preferable to receive the converging rays 
upon a lens £ called the field glass, which hastens their con- 
vergence, and forms the image of m n in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m' n' are refracted by ¥*, 
so as to enter the eye parallel, and give distinct vision of the 
image. If the object M N is brought nearer the speculum 
A B, the image of it, m w, will recede from A B and approach 
to C D ; and, consequently, the other image m' n' in the con- 
jugate focus of C D will recede from its place m' »', and cease 
to be seen distinctly. In order to restore it to its place m' n\ 
we have only to turn the screw VV, so as to remove C D 
fiirther from A B, and consequently &rther from m n, which 
will cause the unage m! n'. to appear perfectly distinct as be- 
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fore. The magnifying power of this telescope may be found 
by the following rule : — 

Multiply tlie focal distance of the great speculum by the 
distance of the small mirror from the image next the eye, as 
formed in the anterior focus of the convex eye glass, and mul- 
tiply also the focal distance of the small speculum by the focal 
distance of the eye glass. The quotient arising from dividing 
the former product by the latter will be the magnifying power. 

This rule^supposes the eye-piece to consist of a single lens. 

The following table, showing the focal lengths, apertures, 
powers, and prices of some of Short's telescopes^ will exhibit 
the great superiority of reflecting telescopes to refracting 
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Cassegrainian Telescope, 

(209.) The Cassegrainian telescopey proposed by M. Cas- 
segrain, a Frenchman, differs from the Gregorian only in hav- 
ing its small speculum C T>,fig, 168., convex instead of con- 
cave. The speculum is therefore placed before the image m n 

Fig. 168. 




of the object M N, and an image of M JST will be formed at 
m' n' between E and F as in the Gregorian instrument The 
advantage of this form is, that the lelescope is shorter than 
the Gregorian by more than twice the focal length of the 
small speculum; and it is generally admitted that it gives 
more light, and a distincter image, in consequence of the con- 
vex speculum correcting the aberration of the concave one. 
Z2 
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Newtonian Telescope. 

(210.) The Newtonian telescope, which may be regarded 
as an improvement upon the Gregorian one, is represented in 
Jig. 169., where A B is a concave speculum, and m n the in- 
verted image which it forms of the object from which the rays 

J^^. 169. 



J^ 
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M, N proceed. As it is impossible to introduce the eye into 
the tube to view this image without obstructing the light 
which comes from the object a small plane speculum C D, in- 
clined 45° to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and Sie image m n, in order to reflect it to a side 
at m' n', so that we can magnify it witli an eye glass E, which 
causes the rays to enter the eye parallel. The small mirror 
is fixed upon a slender arm, connected with a slide, by wiiich 
the mirror may be made to approach to or recede from the 
large" "Speculum A B, according as the image mn approaches 
to or recedes from it. This ai^'ustment might also be effected 
by moving the eye lens E to or from the small speculum. The 
magnifying power of this telescope is equal to the focal length 
of the great speculum divided by that of the eye glass. 

As about half of the light is lost in metallic reflexions, Sir 
Isaac Newton proposed to substitute, in place of the metallic 
speculum, a rectangular prism ABC, Jig. 148., in which the 
light sufiers total reflexion. For this purpose, however, the 
glass requires to be perfectly colorless and free from veins, 
and hence such a prism has rarely been used. Sir Isaac 
also proposed to make the two faces of the prism convex, as 
DBF, Jig. 148., and by placing it between the image m n 
and the object, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The original 
telescope, constructed by Sir Isaac's own hands, is preserved 
in the library of the Royal Society. 

The following table shows the dimensions of Newtonian 



CHAP. XLII. NEWTONIAN TELESCOPE. 295 

telescopes, which we have computed by taking a fine teleecope 
made by Hawksbee as a standard : — 

^ 1ft 2-23 inches. 0129 inches. 93 

2 3-79 0-152 158 

3 514 0168 2U 

4 6-36 0181 265 
a 8-64 0-200 360 

12 14-50 0-238 604 

24 24-41 0-283 1017 

(211.) On account of the great loss of light in metallic re- 
flexions, which, according to tlie accurate experiments of Mr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
45°,* and the imperfections of reflexion, which even with per- 
fect surfaces make the rays stray ^re or six times more tnan 
the same imperfections in refracting surfaces, I have proposed 
to construct the Newtonian telescope, as shown in Jig. 170., 
where A B is the concave speculum, m n the image of the 

Fig. 170. 




object M N, and C D an achromatic prism, which refracts the 
image m n into an oblique position, so that it qan be viewed 
by tne eye at E through a magnifying lens. Nothing more is 
required by the prism than to turn the rays as much aside as 
will enable the observer to see the image without obstructinff 
the rays from the object M N. As the prisma of crown and 
flint glass which compose the achromatic prism may be ce- 
mented by a substance of intermediate refractive power, no 
more light will be lost thaj* what is reflected at the two sur- 
faces. 

In place of setting the small speculum, C D, of the New- 
tonian telescope, fig. 169., at 45®, to the incident rays, I have 
proposed to place it much more obliquely, so as to reflect the 
image m n, fig. 170., out of the way of the observer, and no 
farther. This- would of course require a plane speculum, C D, 

♦ Edinburgh Journal t^f Science, No. VI., new serieB, p. 983. 
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of much greater length ; but the greater obliquity of the re- 
flexion would more than compensate for this inconvenience. 
It might be advisable, indeed, to use a small speculum of dark 
glass, of a high refractive power, which at great incidences 
reflects as much light as metals, and which is capable of ; 
being brought to a much finer surface. , The fine surfaces of 
some crystals, such as ruby silver, oxide of tin, or diamond, 
might be used. 

A Newtonian reflector, without an eye glass, may be made 
by using a reflecting glass prism, with one or both of its sur- 
fiices concave, when the prism is placed between the image 
m n and the ^eat speculum, so as to reflect the rays parallel 
to the eye. The magnifying power will be equal to the focal 
length of the great speculum, divided by the radius of the 
concave surface of the prism if both the surfaces are concave, 
and of equal concavity, or by twice the radius, if only one 
surfiice is concave. 

Sir William HerscheVs Telescope. 

(212.) The fine Gregorian telescopes executed by Short 
were so superior to any other reflectors, that the Newtonian 
form of the instrument fell into disuse. It was revived, how- 
ever, by Sir W. Herschel, whose labors form the most brilliant* 
epoch in optical science. With an ardor never before exhibit- 
ed, he constructed no fewer than 200 seven feet Newtonian 
reflectors, 150 ten feet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent patron- 
age of George III., he began, in 1785, to construct a telescope 
forty feet long, and on the 27th of August, 1789, the day on 
which it was completed, he discovered with it the sixth satel- 
lite of Saturn. 

The great speculum had a diameter of 49J inches, but its 
concave surface was only 48 inches. Its thickness was about 
;^ inches, and its weight when cast was 2118 lbs. Its focal 
length, was fortv feet, and the length of the sheet iron tube 
which contained it was 39 feet 6 inches, and its breadth 4 feet 
10 inches. By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6450 to the fixed stars, but a very 
much lower power was in general used. 

In this telescope the observer sat at the mouth of the tube, 
and observed by what is called the frimt view, with his back 
to the object, without using a plane speculum, the eye lens 
being applied directly to magnify the image formed by the 
great speculum. In order to prevent the head, &c. from ob- 



CHAP. XLIII. ON ACHROMATIC TELESCOPES. 297 

structing too much of the incident light, the image was formed 
out of the axis of the speculum, and must,- therefore, have 
been slightly distorted. 

As the frame of this instrument was exposed to the weather, 
it had greatly decayed. It was, therefore, taken down, and 
another telescope, of 20 feet focus, with a speculum 18 inches 
in diameter, was erected in its place, in 1822, by J. F. W. 
Herschel, Esq., with which many important observations have 
been made. 

Mr, Ramage^s Telescope, 

(213.) Mr. Ramage, of Aberdeen, has constructed various . 
Newtonian telescopes, of great lengUis and high powers. The 
largest instrument at present in use in this country, and we 
believe in Europe, was constructed by him, and erected at the 
Royal Observatory of Greenwich in 1820. The great specu- 
lum has a focal length of 25 feet, and a diameter of 15 inches. 
The image is formed out of the axis of the speculum, which 
is inclined so as to throw it just to the side of the tube, where 
the observer can view it without obstructing the incident rays. 
The tube is a 12-sided prism of deal, and wnen the instrument 
is not in use it is lowered into a box, and covered with canvas. 
The apparatus for moving and directing the telescope is ex- 
tremely simple, and displays much ingenuity. 



CHAP. XLUL 

ON ACHROMATIC TELESCOPES. 

(214.) The principle of the achromatic telescope has been 
briefly explained in Chap. VIL, and we have there shown how 
a convex lens, combined with a concave lens of a longer focus, 
and having a higher refractive and dispersive power, ma^ pro- 
duce refraction without color, and consequently form an image 
free from the primary prismatic colors. It has been demonstrated 
mathematically, and the reader may convince himself of its 
truth by actually tracing the rays through the lenses, that a 
convex and a concave lens will form an achromatic combina- 
tion, or will give a colorless image, when their focal lengths 
are in the same proportion as their dispersive powers. That 
is, if the dispersive powers of crown and flint glass are as 0*60 
to 1, or 6 to 10 ; then an achromatic object glass could be 
formed by combining a convex crown glass lens of 6, or 60, or 
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600 inches with a concave flint glass lens of 10, or 100, or 
1000 inches in focal length. 

But though such a combination would fi)nn an image free 
from color, it would not he free from spherical aberration, which 
can only be removed by giving a proper proportion to the cur- 
vatures of the first and last surface, or the two outer surfaces 
of the compound lena Mr. Herschel has found that a double 
object glass will be nearly free from aberration, provided the 
radius of the exterior surface of the crown lens be 6*72, and 
of the flint 14*20, the focal length of the combination bein^ 
10*00, and the radii of the interior sur&ces being computed 
firom these data by the formulae given in elemental works on 
optics, so as to make the focal lengths of the two glasses in 
'Fig. 171. the direct ratio of their dispersive powers. This 
combination is shown in Jig. 171., where A B is 
the convex lens of crown glass, placed on the out- 
side towards the object, and C D the concavo-con- 
vex lens of flint glass placed towards the eye. 
The two inside sui%ces that come in contact are 
so nearly of the same curvature that they may be 
ground on the same tool, and united together by a 
cement to prevent the loss of light at 3ie two sur- 
fiice& 

In the double achromatic object glasses con- 
structed previous to the publication of Mr. Her- 
schePs investigations, the surface of the concave 
lens next the eye was, we believe, always con« 
cave. 

Triple achromatic object glasses consist of three lenses A B, 
^. 172. CD, E P, Jig, 172., AB and E F being convex 
^ ^ lenses of crown glass, and C D a double concave 

lens of flint glass. 

The object of using three lenses was to ob- 
tain a better correction of the spherical aberrar 
tion; but the greater complexity of their con- 
struction, the greater risk of imperfect centering, 
or of the axes of the three lenses not being in 
the same straight line, together witli the loss of 
light at six surfaces, have been considered as 
more than compensating their advantages ; and 
they have accordingly fallen into disuse. 

The following were tlie radii of two triple 
achromatic object glasses, as constructed by 
DoUond:— ' ^ ^ 




s H 
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A B, or first Crown Lens. 

FIRST OBJECT GLASS. SECOND OBJECT GLASS. 

Radii of first surface, ... 28 inches 28 

second surface, -.40 - 35*5 

C D, or Flint Lens. 

Radii of first surface, - . . 20-9 2M 

second surface, --28 25*75 

E F, or second Crown Lens. 
Radii of first surface, - - - 28-4-. .--.... 28 

second surfiice, - • - 28*4 28 

Focal length of the compound 
lens, 46 inches 46*3 

In consequence of the great difiiculty of obtaining flint 
glass free from veins and imperfections, the largest achromatic 
object glasses constructed in England did not greatly exceed 
4 or 5 inches in diameter. The neglect into which this im- 
portant branch of our national manufactures was allowed to 
fall by the ignorance and supLneness of the British government, 
stimulated foreigners to rival us in the manufacture of achro- 
matic telescopes. M. Guinand of Brenetz, in Switzerland, 
and M. Fraunhofer, of Munich, successively devoted their 
minds to the subject of making large lenses of flint glass, and 
both oT them succeeded. Before his death, M. Fraunhofer 
executed two telescopes with achromatic object glasses of 9-]^ 
inches, and 12 inches in diameter ; and he informed me that 
he would undertake to execute one 18 inches in diameter. 
The first of these object glasses was for the magnificent achro- 
matictelescope ordered by the emperor of Russia, for the ob- 
servatory at Dorpat The object glass was a double one, and 
its focal length was 25 feet ; it was mounted on a metallic 
stand which weighed 5000 Russian pounda The telescope 
could be moved by the slightest force in any direction, all the 
movable parts being balanced by counter weighta It had four 
eye glasses, the lowest of which magnified 175, and the high- 
est 700 times. Its price was 1300?., but it was liberally given 
at prime cost, or 950Z. The object glass, 12 inches in diameter, 
was made for the king of Bavaria, at the price of 2720?. ; but 
as it was not perfectly complete at the time of Fraunhofer's 
death, we do not know that it is at present in use. In the 
hands of that able observer. Professor Struve, the telescope of 
Dorpat has already made many important discoveries in as- 
tronomy. 

A French optician, we believe, M^Lerebours, has more 
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recently executed two achromatic object glafises of glass made 
by Guinand. One of them is nearly 12 inches in diameter, 
sad another above 13 inchea The first of these object glasses 
was mounted as a telescope at the Royal Observatory of Paris; 
and the French government had expended 50(M. in the pur- 
chase of a stand for it, but had not the liberality to purchase 
the object glass, itself. Sir James South, our liberal and active 
countryman, saw the value of the two object glasses,' and ac- 
quired them for his observatory at Kensington. 



ON ACHROHATIC ETEPIECE8. 

(215.) Achromatic eyepieces when one lens only is wanted, 
may be composed of two or three lenses exactly on the same 
principles as object glasses. Such eyepieces, however, are 
never used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the same 
kind of glass. This arrangement is shown in^^. 173., where 
A B and C D are two plano-convex lenses, A B being the one 

Fig. 173. 



i-^^' 



next the object glass, and C D the one next the eye, a ray of 
white light R A, proceeding from the achromatic object glass, 
will be refracted by A B at A, so that tjie red ray A r crosses 
the axis at r, and the violet ray A v at v. But these rays heme 
intercepted by the second lens C D at tlie points m, n, at di? 
ferent distances from the axis, will suffer different degrees of 
refraction. The red ray mr suffering a greater refraction 
than the violet one n r,. notwithstanding its inferior refran- 
ffibili^, so that the two rays will emerge parallel from the 
lens C D (and therefore be colorless) as shown at m r', m v'. 

When these two lenses are made of crown glass, they must 
be placed at a distance equal to half the sum of their focal 
lengths, or, what is more accurate, their distance must be 
equal to half the sum of the focal distance, of the eye glass 
C D, and the distance at which the field glass A B would &rak 
an image of the object glass of the telescope. This eyepiece 
is calleid the negative eyepiece. The stop or diaphragm must 
be placed half-way between the two lenses. The focal lenffth 
of an equivalent lens, or one that has the same uiagnifying 
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power as the eyepiece, is equal to twice the product of the 
focal lengths of the two lenses divided by the sum of the same 
numbers. 

An eyepiece nearly achromatic, called RamsderCs Eyepiee€f 
and much used in transit instruments and telescopes with mi- 
crometers, is sliown in Jig, 174., where A B, CD, are two 



Fig. 174. 




plano-convex lenses with their 
convex sides inwards. They 
have the same focal length, and 
are placed at a distance from 
each other, equal to two-thirds 
of the focal length of either. 
The focal length of an equiva- 
lent lens is equal to three-fourths 
the focal length of either len& 
The use of this eyepiece is to 
give a flat field, or a distinct view of a system of wires placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses ; 
but as this would require the wires at M N to be brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land objects is shown in fig, 175. 
It consists of four lenses. A, C, D, B, placed as in the figure. 

Fig. 175. 




Mr. Coddington has shown, that if the focal lengths, reckoning 
from A, are as the numbers 3, 4, 4 and 3, and the distances 
between them on the same scale 4, 6, and 5*2, the ndiiy 
reckoning from the outer surface of A, should be thus :— 

27 } 

-, > nearly plano-convex. 



A S First surface 

f Second surface 
^ S First surface 

( Second surface 
jv K First surface 

( Second sor&ce 
■o S First surface 

\ Second surface 



a meniscus. 



21 

oi > nearly plano-convex. 



34 C 
2A 



Double convex. 
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The magnifying power of this eyepiece, as useally made, 
diflfeis little from what would be produced by using the first 
or fourth lens alone. I have shown, that the magnifying 
power of this eyepiece may be increased or diminished by 
varying the distance between C and D, which even in common 
eyepieces of this kind may be done, as A and C are placed in 
one tube A C, and D and B in another tube D B^ so that the 
latter can be drawn out of the general tube. In fig, 175., I 
have shown {he eyepiece constructed in this way, and capable 
of having its two parts separated by a screw nut E, and rack. 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a pair of vnres fixed 
before the eye glass, I communicated to Mr. Carey in 1805, 
and had one of the instruments constructed by Mr. Adie in 
18061 It is fully described in my TVeatise on Philosophical 
Instruments, and has been more recently brought out as a new 
invention by Dr. Kitchener, under the name of the Paneratic 
Eye Tube. 

Prism Telescope, 

(216.) In 1812, I showed that colorless refraction may be 
product by combining two prisms of the same substance, and 
the experiments which led to this result were published in my 
Treatise on New Philosophical Instruments in 1813. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Teinoscope, for extending or altering the lineal proporticms of 
objects. 

If we take a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge &om it at equal 
angles, as in fig, 20., where the square pane of glass is of its 
natural size. If we turn the refracting edge towards the 
window-, the pane will be extended or magnified in its length 
or vertical direction, while its breadth remains the same. If 
we now take the same prism and hold its refincting edge ver- 
tically, we shall find, by the same process, that the pane of 
glass, is extended or magiiified in breadth. If two such prisms, 
Sierefore, are combined in these positions, so as to magnify the 
same both in length and breadth, we have a telescope com- 
posed of two prisms, but unfortunately the objects are aU 
highly fringed with the prismatic colors. We may correct 
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these colors in three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glass 
to ab^rb the other rays when two common glass prisms are 
used: 2d, We may use achromatic prisms in place of common 
prisms : or, dd, What is best of all for common purposes, we 
may place other two prisms exactly similar, but in reverse 
positions, or they may be placed as shown in fig, 176., which 
represents the prism telescope ; A B and A C being two prisms 

Fig. 176. 



of the same kind of glass, and of the same refracting angles, 
wit^ their planes of refraction vertical, and £ D, £ F, other 
two perfectly similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M «, from an 
ofcject, M, enters the first prism, E F, at o, emerges from the 
second prism, E D, at 6, enters the third prism, A C, at c, 
emerges -from the fourth prism, A B, at d, and enters the eye 
at O. The object, M, is extended or magnified horizontally 
by each of the two prisms, E F, E D, ana vertically by each 
of the two prisms, A B, A C ; objects are magnified by look- 
ing through the prisms. 

This instrument was made in Scotland by the writer of this 
Treatise, under the name of a Teinoscope^ and also by Dr. 
Blair, before it was proposed or executed by Professor Amici 
of Modena. Dr. Blair's model is now before me, being conjr 
posed of four prisms of plate glass with refracting angles or 
about 15°. It was presented to me two years ago by lus son ; 
but as no account of it was ever published, Mr. Blair could not 
determine the date of its construction. 

In constructing this instrument, the perfect equality of the 
four prisms is not necessary. It will be sufficient if A B and 
D £ are equal, and A C and £ F, as the color of the one 
prism can be made to correct that of the other, by a chuige in 
its position. For the sapfie reason it is not necessary that they 
be all made of the same kind of gUsa. 
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obrject glam of plate glass ; and by making any one of the eye 
glasses out of a piece of glass which transmits only homage 
neoui light : or the san^e thing may be effected by a piece of 
plane glass of the same color; but this introduces the errors 
of other two surfaces. In such a construction it would be 
preferable to absorb all the rays but the red ; and there are 
various substances by which this may be readily effected. The 
object glass of this telescope, though thus rendered monochro- 
matic, will still be liable to spherical aberration. But if the 
radii of the lens are properly adjusted, the excess of solar light 
will permit us to diminish the aperture, so as to render the 
spherical aberration almost imperceptible. Such a telescope, 
when made of a great length, would, we are persuaded, be 
eatial to any instrument that has yet been directed to the sun. 
Ii we could obtain a solid or a nuid which would absorb all 
the other rays of the spectrum but the yeUow, with as little 
loss as there is in red glasses, a telescope of the preceding 
eoBstruction would answer for day objects, and for all the pur- 
poses of astronomy. If the art of giving lenses a hyperbolic 
form shall be brought to perfection, which we have no doubt 
will yet be done, the spherical aberration would disappear; 
and a telescope upon this principle would be the most perfect 
' of all instraments. 

Even by using red light only, a great improvement might 
be efiected in the common telescopes for day objects and for 
astronomical purposes. If the red rays, for example, form j^^th 
of white light, we have only to increase the area of the aper- 
ture 10 times to make up completely for this defect of light 
The spherical aberration is, no doubt, greatly increased also : 
but if we consider that, when compared to the aberration of 
color, it is only as 1 to 1200, we can alibrd to increase it in 
order to gain so great an advantage. Common telescopes, 
indeed, may be considerably improved by applying colored 
glasses, which absorb only the extreme rays of the spectrum, 
«ven though they do not produce an achromatic or homoge- 
neous image. 

These (£eervations are made for the benefit of those who 
cannot ajflS)rd expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the ordi- 
nary instruments which they may happen to possess. 

On the Improvement of imperfectly achromatic Telescopes, 

(220.) There are many achromatic telescopes of consider- 
able size, in which the flint lens either over corrects or under 
•oarects the cdors of the crown glass lens. This defect maf 
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be easily removed by altering slightly the curvature of one or 
other of the lenses: But all achromatic telescopes whatever, 
when made of crown and flint glass, exhibit the secondary 
colors, viz. the wine-colored and the green fringes. These 
colors are not very strong ; and in many, if not in all cases, - 
we may destroy them by absorption through glasses that will 
not weaken greatly the intensify of the light. The glasses 
requisite for mis purpose must be found by actual experiment ; 
as the secondary tints, though generally of the colors we have 
mentioned, are variously composed, according to the nature of 
the glass of which the two lenses are made. 
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APPENDIX OF THE AUTHOR, 

• CONTAINING 

TABLES OF REFRACTIVE AND DISPERSIVE POWERS, &c. 
OF DIFFERENT MEDIA. 



TABLE L 

(Referred to from Page 30.) 

TaUe of the Refractive Powers of Sdid and Flxdd Bodies. 



' « Indax or Beriractlnb. 

Realgar artificial 2-549 

Octohedrite 2-500 

Diamond 2-439 

Nitrite of lead 2-322 

Blende 2-260 

Phosphorus 2-224 

Sulphur melted 2-148 

Zircon 1-961 

Glass — ^lead 2 parts, flint > j^.g^ 

Garnet 1-815 

Ruby 1-779 

Glass — lead 3 parts, flint ) j^-ogg 

Sapphire 1-794 

Spmelle 1764 

Cinnamon stone .... 1 1*759 

Sulphuret of carbon ... 1-768 

Oil of cassia 1*641 

Balsam of Tolu , 1*628 

Guaiacum 1*619 

Oil of aniseseed 1*601 

Quartz 1-548 

Rocksalt 1-557 

Sugar melted 1-554 

Canada balsam 1*549 



Index of Refnctlod. 

Amber 1-547 

Plate glass, from 1-514 to . . . 1-542 

Crown dass, from 1-525 to . . 1-534 

Oil of cloves 1535 

Balsam capivi 1-528 

Gum arable 1-502 

Oil of beech nut 1-500 

Castoroil 1-490 

Cajeputoil 1-483 

Oil of turpentine 1-475 

Oil of olives 1-470 

Alum 1-457 

Fluor S^ 1-434 

Sulphuric acid 1-434 

Nitric acid 1-410 

Muriatic acid 1-410 

Alcohol 1-372 

Cryolite 1-349 

Water 1-336 

Ice .. .•...*. .... . 1*309 

Fluids in minerals i*2i94 to ! 1131 

Tabasheer 1*111 

Ether expanded to thrice ) ,| /^K•y 

ihsvolume < 

Air 1-000294 



Taile of the Refractive Powers of Oases. 



1-001530 



ladez of Xeftaction. 

Vapor of sulphuret of 

carbon 

Phosgene gas .' 1001159 

Cyanogen 1*000834 

Chlorine 1-000772 

Olefiantgas 1-000678 

Sulf^urous acid 1-000665 

Sulphuretted hydrogen . 1-000644 

Nitrous oxide ^ 1-000503 

Hydrocyanic acid 1-000451 

Nliu-iatic acrid 1-000449 



iBdn at BefytetloB. 

Carbonic acid 1-000449 

Carburetted hydrogen .. 1-000443 

Ammonia 1*000385 

Carbonic oxide . . ; 1000340 

Nitrous gas 1-000303 

Azote 1-000300 

Atmospheric air 1-000294 

Oxygen 1*000272 

Hy(fiogen 1-000138 

Vacuum 1-000000 
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TABLE n. 

(Referred to from Page 31.) 

Table of the Absdirte RefracUve Powers of B<tiies. 



Tabasheer .. 

Cryolite 

Fluorspar 

Oxygen 

Sulpnate of baiyta . . 
Sulphiuotis acid gas . 

Nitrous gas 

Air 

Carlxmic add 

Azote 

Chlorine 

Nitrous oxide 

Phosgene 

Selenite 

Carbonic oxide 

Quartz 

Glass 

Muriatic acid 

SuljAuric acid 

Calcareous spar 

Alum 

Borax 



Iad«x cr HcftMtioo. 



(H)976 
0-2742 
0-3426 
0-3799 



0-4455 
0-4491 
0-4528 
0-4637 
0-4734 
0-4813 
0-6078 
0-6188 
0-5386 
0-6387 
0-6415 
0-6436 
0-6514 
0^124 
0^24 
0-6570 
0-6716 



I ImtazorXefrarlioik 

Nitre 0-7079 

Rainwater 0-7845 

Flint glass 0-7986 

Cyanogen 0-8021 

Sulphuretted hvdrogen . . . 0-8419 

Vapor of sulpnuret of > n.st^Ao 

^bon..... { ^^^3 

Ammonia 1<X)32 

Alcohol rectified 1-0121 

Camphor 1-2551 

Olive oil 1-2607 

Amber 1-3654 

Octohedrite 1-3816 

Sulphuret of carbon 1-4200 

Diamond 1-4566 

Realgar 1-6666 

Ambergris 1*7000 

Oil of cassia* 1-7634 

Sulphur 2-2000 

Phosphorus 2-8857 

Hydn>geB 3-0953 



No.L 
(Referred to from Page 72.) 

In order to convey to the reader some idea of the variety of dispersive 
powers whidi exist m solid and fluid bodies, I have given the fbllowinf 
table, selected fii>m a much kiger one, founded on observations wliich 
Imadeinl811andl812.t 

The first column contains the difference of the indices of refiaction 
for the extreme red and violet rays, or the part of the whole refraction 
to which the dispersion is equal; and the second column contains the 
dispennve power. 

Table of the Diapernve Powers cf Bodiee. 

XSl of Befticllon 

^'- Or •xtrcme lUya 

(MIof cassia 0-139 0089 

Sulphur aifer fusion 0-130 0-149 

Phosphorus 0-128 0-156 

Sulphuret of carbon 0-115 0O77 

BalsamofTohi 0-103 0O65 

BalsamofPeru 0093 0058 

* 3ee Edinburgh Journal qf Science, No. XX. p. 306. 

t See my TVeatige on Jilne Pkilosophieal Tnstmmente, p. 315. 



TABLE OF DISFEBSIVB POWERS. 



Barbadoesabes 0085 

Oil of bitter almonds 0079 

Oil of aniseseed 0077 

Acetate of lead melted 0069 

Balsam of Styrax 0067 

Guaiacum 0066 

Oil of cumin O065 

Oil of tobacco O064 

Gum ammoniac 0063 

Oil of Barbadoes tar O062 

Oil of cloves O062 

OU of sassaiias O060 

RoBin O067 

Oil of Bweet fennel seeds 0O55 

Oil of speannint O054 

Rock salt 0053 

Caoutchouc O052 

Oil of pimento O052 

Flint glaas O052 

Oa of angelica O051 

Oil of thyme ..^ ^... OOdO 

Oil of caraway seeds O049 

Flint glass 0048 

Gum thus O048 

Oilofjuniper 0-047 

Nitric acid ; 0.045 

Canada balsam 0045 

Cajeputoil O044 

Oil of rhodium O044 

Oil of poppy O044 

Zircon, greatest ref. 0-044 

Muriatic acid 0-043 

Gum copal 0-043 

Nutoil 0043 

Oil of turpentine 0042 

Feldspar 00458 

Balsam capivi 0041 

Amber 0041 

Calcareous spar— greatest 0040 

OUof rapewwed O040 

Diamond 0038 

Oil of olives O038 

Gum mastic ^. O038 

Oil of rue 0O37 

Beryl 0-037 

Ether 0037 

Selenite 0-037 

Alum O036 

Castor oil 0036 

Crown glass, green 0OS6 

Gum aiabic 0036 

Water 0035 

Citric acid 0035 

Glassof Borax O034 



O020 
0O22 
O021 
0-023 
0-0S7 
0019 
0056 
0018 
0O22 
0016 
O022 
O012 
O030 
O017 
0018 
0O20 
0O18 
OOIS 
0O19 
0<a8 
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Gunet 0034 

Chry»lite 0033 

Crown glan 0033 

Oil of wine '. 0O32 

Gkei of phosplMMTU 0031 

Plate glan 0032 

Sulphuric acid 0031 

Tartaric acid 0O30 

Nitre, least ref. 0O30 

Borax 0O30 

Alcohol 0029 

Sulphate of baryta 0O29 

Rock crystal 0O26 

Borax glan (1 bor. 2 silex) 0O26 

Blue sapphire 0O26 

Bluish topaz 0025 

Chrysoberyl 0025 

Blue topaz 0O24 

Sulphate of Btiontia 0024 

Prussic acid 0027 

Fluor spar 0O22 

Cryolite , 



0018 
0022 
0O18 
0018 
0O17 
0O17 
0OI4 
0016 
0O09 
0014 
OOll 
0011 
0014 
0014 
0021 
0016 
0019 
0016 
0015 
OO06 
OOIO 
OO07 



No. IL 

(Referred to Arom Page 73.) 

The following table contains the resohs of several experiments which 
I made in the manner described in pp. 72, 73. The bodies at the top of 
the table have the least action upon green light, and those at the bottoni 
of it the greatest. The relative position of some of the sabstances is 
empirical ; but, br referring to die original experiments in my Treatise 
on New PhUoaopnicaL htMrumenls, p. 354., it will be seen i^niether or 
not the relativo action of any two oodies upon green light has been 
determined. 



TiUde of Traruparent Bodies, in the order in mUcft fSiey 
least action upon Careen Light. 



eserdseAe 



Oil OF CASSIA. 

Sulphur. 

Solphiu^t of carbon. 

Balsam of Tolu. 

Oil of bitter almonds. 

Oil of aniseseed. 

Oil of cumin. 

Oil of aassairas. 

Oil of sweet fennel seeds. 

Oil of cloves. 

Canada balsam. 

Oil of turpentine. 

Oil of poppy. 



Oil of spearmint 
Oil of caraway seeds. 
Oil of nutmeg. 
OQ of pe{^imint 
Oil of castor. 
Gum< 



Nitrate of potash. 
NutoiL 

Balsam of capivi. 
Oil of rhodium. - 
Flint olam. 
Zifcon. 
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TaUecf Tnauparent 

Oil of olives. 
Calcareous spar. 
Rock salt 
Gum juniper. 
Oil of almonds. 
Crown glass. 
Gum arabic. 
Alcohol. 
Ether. 

Glass of borax. 
Selenite. 
Beryl 



Topaz. 
Fluor spar. 
Citric acid. 
Acetic acid.^ 
Muriatic acid. 
Nitric acid. 
Rock crystal. 
Ice. X 

Water. 

Phosphonms acid. 
Sulphuric agio. 



Na in. 

(Seferred to from Page 80.) 

TaUe of ihe Indices of Refraction of teveral Olaaset and Fluids. 
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NaL 

(Referred to from article 3S.) 



If the remark of Mr. Henachel be admitted, the ooiMequence may be 
drawn in relation to all the simple gases, except oxygen, that their alv 
solute re&active' powers will be expressed by the square of the index 
of refraction, diminished by miity: for in them, the specific gravity is 
directly proportional to the weight of the atom. The same remark 
applies to the vapors of simple braies, and to many compound gases. 

if the specific gravitjr, and weight of the atom, of hydrogen m called 
unity, the specific gravity of nitrogen, chlorine, &c. will be expressed 
by the weight of the atom of each : hence the square of the index cA' 
refraction diminished by unity, will be, by the process directed in article 
32, multiplied and divided by the same quantity. 

The inflammable substance hydrogen, instead of presenting a high 
intrinsic refiractive power, would occupy a low place on the scale, whue 
* chlorine would rank high upon it. Tnis consequence was observed by 
Mr. Heischel himself. 

No. IL 

(Referred to from article 66, page 67.) 

This remark in relation to the absorptive power of water, though true 
for moderate thicknesses, in relation to the colored rays of the spec- 
trum, appears, by a recent discovery of Signer Melloni, not to be true 
in regara to the heating rays. An account of the interesting experi- 
ments which have established this &ct, will be more in place, in 
connexion with the article which treats of the heating power of the 
spectrum. 

No. m/ 

(Referred to from article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David Brewster, 
will, probably, have its value to the reader increased by a brief state- 
ment of the experiments from which the results, riven in pages 69 and 
70, were deduced. The matter of this note is taxen from a paper, by 
Sir David Brewster, in the Edinburgh Journal of Science for October, 
1831.* 

1. The first position is that, " retf, yeUow, and Uue light exist at every 
point of the solar spectrum." The eye gives evidence of the existence 
of red light, in the red, orange, and violet spaces, which, together, con- 
stitute more than half the fength of the spectrum. If the blue and 

* And E^nhurgh Trans. Vol. XII. Part. I. 



316 A TREATISE ON OPTICS* 

indigp tpacei be tranmitted thnragfa olive oil, tbe light becomes of a 
violet tint, rendering evident the led, nrevioufll^ existinir in the blue 
aiMl indigo» by abeoroing rayvwhiefa had neutralized it In the yellow 
and green spaces ihe existence of red is proved by showing that whito 
light may be detected in them. 

Ydlow light is recognized by the eye in rather more than one-flflh 
of the lengtn of Ifae spectramt namely in the orange, yellow, and green 
spaces. It may be proved to be present in the blue and indigo spaces 
by many experiments, uantHig wnich is the one already described, in 
which a violet tint is developed, by passing the spaces through olive 
oil : the tint absorbed by the oil cannot be red, be«iuse violet, reddish 
blue, is made to appear by the transmission ; it cannot be blue, for blue 
taken fiom blue will not leave violet ; it is, then, yellow, which mixed 
with the red and blue had formed white lif^t, at this part of the spec- 
trum. Farther* the spednun examined through a deep blue glass, shows 
green in the blue space, and through a transparent wafer ofgelatine, 
produces a whitidi band in the same space. Yellow is shown to exist 
in the red soaoe by examining it through a prism of port wine, the re- 
firacting angle of which is 9(P, and the whrne of the red space assumes 
ayellowish tint by the abamptio/i ofihe Uue rays, by certain thicknesses 
or pitch, balsam of Peru, &C. In the violet space, owing to the extreme 
lacthty with which that color is absorbed, and the extreme fainfnw of 
the rays, yellow light has not yet been detected. 

Blue light is perceptible to the eye through more dian two-thirds of 
liie length of the spectrum, that is m the green, blue, indigo, and violet 



The absorptive poweis of pitch, balsam of Peru &c^ show 
l^peen light extending considerably within the red space; and the blue 
IS fiulher proved to be spread throughout that space Dy the yellow tinge 
which it assumes, when viewed through the media already alluded to; 
a tint which could only result from the absorption of Uue rays. 

2. WkUe light exists, at every point o( the spectrum, and may be in- 
sulated by absorbing the excess of the cokted ra]^ at any point 

Bv a particular mickness of smalt-blue glass, the yellow space, the 
brightest of the spectrum, becomes greenish white, ana, with a different 
blue, reddish white. A mixture of^red ink and sulphate of copper re- 
duces the jjrellow space to nearly a white, the tint being slighUy red 
when the ink is in excess, and green when there is too much of the 
solution of sulphate of copper. By particular methods, not described. 
Sir David Brewster states that he has succeeded in insulating white 
light in both the orange and green spaces. 

The curious property possessed by this white light of not being de- 
composable by refractirai, is a powerfiil support of the new theory of 
the spectrum. 

By a principle of absorption applied to the heating rays of the solar 
spe^ram, ana which will be described in a subsequent note, the exist- 
ence of a spectrum of heating rays, exceeding in length the three colored 
spectra, is proved, bringing a new analogy to bear upon this questian. 

Na IV. 

(Keiferred to from article 71, page 82.) 

Compantive experimenti on the heat in different parts of die solar 
apeetrum, require the most delicate instruments. The new brandi of 
science, thermo-magnetiam, furnished Signer Melloni with a much more 
sensible means of measuring temperature than the cammoo thermom- 
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eter, namely, by the magnetic currentB developed by heat» in a faattefy 
composed of hen of bismuth and antimony. 

By the aid of this instrument, he found that the heat aoQompanyinff 
the violet space o£ the spectrum, from a crown glass prism, ivas not at aU 
absorbed by pure water, while a small portion of the heat in the indigo 
was absorl>ea, a greater portion of that m the blue, and so on through 
the colored spaces and into the invisible heating mys beyond the spec- 
trum, the extreme rays of which were entirely absorbed. 

The relative degrees of heat in the spectrum ibrmed by a crown 
glass prism, which, however, it must be recollected, has absorbed the 
rays unequally, is represented by the annexed diagram» in which the 







\r\^^\y\ ^ \ 1, \ t \ ^ 



ordinates, 2 v, 5 1, &c., of the upper curve represent, nearly, the relative 
temperatures; the lengths of tne ordinates, and of course the relative 
degrees of h^t, being expressed by the numbers written above them t thus 
the amount of heat in the middle of the space v, the viciet space, compared 
with that in the middle of the blue space 5, is as 2 to 9 ; with the middle 
of the red space r, as 2 to 32. The points marked 25, 12, <SI:c. beyond the 
colored space r, correspond to the bands, in the spectrum, having, re- 
spectively, the same temperatures as the middle of the yellow, of the 
gpreen, of the blue, &c. By passing the spectrum through a thickness 
of less than a twelflh of an mch of water, contained between plates 
of thin glass with parallel sur&ces and free fiom defects, the heating 
powers of the several rays became as represented in the lower curve ; 
none of the heat accompen3nne the violet rays having been absorbed, 
a little of that apcompanjring me blue, and so on increasing as the re- 
frangibility diminished, until in the band, 2,0, having the same tem- 
perature as the violet, all the heating rays were absorbed. Different 
media stopped the heating ravs in mfierent degrees, those of higher 
refractive powers permitting tnem to pass more readily than those of 
lower powers. 

Although this subject cannot be considered as fully developed, we 
are able to understand by it, why Seebeck found the point of greatest 
heat to vary, according to the material of the prism used to form the 
spectrum, being in the red when a prism of crown glass was used, and 
in the yellow when water was the refracting material. Melloni found 
the greatest heat in the orange a^r passing the spectrum formed by 
the crown glass prism through water, as appeals oy the diagram, in 
which the greatest heat in the red and yellow are 20, and in the orange 
is 21. Seebeck found the point of greatest heat in the yellow, when the 
prism contained water; a sufficiently near coincidence with the ob- 
servation of Melloni, if we consider tnat in the experiments of Seebeck 
the ray^ were exposed to absorption by the glass forming the hollow 
prism in which the water was contamed, and in those of Signor 

2B2 
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IfilloBi to tlia ftbMirplion by the crown glufls prura fint, and tfien tc 
that fay two plates of glan and the water contained between theni. 

The power of traiinnittmg the heating rays without abaorption 
being greater aa the refractive power is greater, according to the law 
befi»re referred to, we ahould exoect that in flint gh^a the greatest heat 
would lie farthest from the vimet end of the spectrum; m plate and 
erown giass, that it should be at a less distance from that end ; in sul- 
phuric acid and oil of turpentine still less; in alcohol and water yet 
nearer to the violet end : and these deductions we find, by consnltuig 
the table on page 82, to be correct Minute differences, which could not 
be detected by the nistrumentB used l^ Seebeck and otheni, in the points 
of greatest heat as given by that table, will probably hereafler appear. 

The experiments discussed in this note authorize die addition of a 
fourth spectrum to the three colored spectra represented in fig. 51.» 
namelv, a heating spectrum ooi^taining rays whicn are less refiiBiiigible 
than the extreme red rays of Uie spectrum. 



NaV. 
(Keferred to from page 116.) 

The undulatory hypothesis represents in so simple a manner the phe- 
nomena to which Dr. Young ap{)lied his principle of interference, tliat 
I have been induced to refer to it here, with a view to a fiJi^eral expUi- 
natbn of the hypothesis. The reader will be better satisned if he take 
up the suljject, as briefly referred to in the 84th article of the text, be- 
fme entering upon the account to be given in this note. As stated in 
that article, the hvpothesis of undulations supposes all space, the plane^ 
aiy spaces as well as the interstices between the particles of bodies, 
to be occupied by an elastic medium, or ether, which is put in a state 
of vibratory motion by luminous bodies, and in which impulses are 
propagated according to the same mechanical laws, as the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medium, 
the particles immediately about the point have a vibratory motion im- 
pressed upon them, or a motion to and fro ; this they communicate to 
the adjacent particles, and dius a wave is formed, which spreads about 
die pomt as a centre, just as the waves formed by a stone, thrown into 
still water, spread around the point at which the stone struck the sur- 
face. As these waves would communicate to a floating body which.they 
might meet, an impulse in a direction radiating from the point where 
they originated, so luminous waves striking the retina, give the sensa* 
tion of vght in a similar direction. 

In the annexed diagram, let A B, Na 1, represent one of the directions 
in which the impulse given by a luminous body, is propagated; we shall 
find, acoordinff to the njrpothesis, along that line particles of the elastic 
medium, or emer, having all rates of motion, from rest, or when the mo- 
tion is nothing, to the greatest rapidity of the vibration ; and in the two 
opposite directions, from A towardiB B, and from B towards A. For example, 
let die particles at A, D, and C, be at rest, then if fiiom A to D we find 
particles moving towards B, their velocities, or hOes of motion, will be 
nmnd increasing between A and a', mid-way fit)m A to D, and then de- 
creasing between a' and D> between D and C the vibration will be in the 
contniy directiDn, namely, fium B towards A ; and the vekicities after 
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inemuSag iolf, will diminiah toC. The distance between A andC indudei 
all velocities fiom nothing to the greatest, and in the two opposite dire& 






tions A B and B A ; the same would be true of C B, ST made equal to A C: 
this distc^nce A C, or C B, is called the length of a wave, and it is this which 
^ in red light is 256 ten millionths, and in violet light 174 ten millionths, 
I of an inch (see page 119, text.) To represent to the eye the velocities 
of the different particles of ether between A and D, the curve A a D 
is described, in which Uie ordinates, or lines in the same directi(Hi as 
6' a, represent these velocities, as, for example, a* a the velocity at a' ; 
the particles between D and C vibrating in a contrary direction, the 
curve D 6 C, representing thei» velocities, is traced on the side of the 
line A B opposite to A a D. In the same way the velocities between C 
and E, and between £ and B, are shown by similar curves, on opposite 
sides of A B. Let No. 2. represent a system of waves in whicn the 
lengths M P and P O are equal to A D and D C, and let the motion 
between M and P coincide in direction with that between A and D, the 
curves of velocities M m P and A a D coinciding, and the motion be- 
tween P and O with that between D and C, the curves VpC and D 6 C 
coinciding; then it is plain that die motion of the particles between OQ, 
C £, and Q N, £B, &C. will be the same, or that the undulations will 
C(Mncide throughout; one undulation will, therefore, add to the eflfect 
of the other, and the Ught will be the united light produced by the 
two undulations. The same will be true whether the point M coincides 
with A, with C, or with B, &c. ; that is, whether the lengths of the paths 
of the two T9,y9 A B and M N are exactly equal, or differ by one, two, or 
more undulations. If the rays, instead of moving in the same direction, 
meet under a small angle, the remarks wiU stul apply ; and the iust 
result, stated on page 115, text, is in accordance wim the hypothesis, 
under consideration, namely, that bright spots, illuminated by the sum 
of the two lights, will be formed when the differences in the lengths 
of the paths of the rays, are d, (AC,) 2(2, (A B,) 3 d, ^Ssc 

Next let the curves described in Na 3 represent the velocities in 
another system of undulations, SV and V U being equal to A D and B C 
in No. 1, the particles of the ether between S and V, as shown by tho 
curve, being in a state of vibration from T towards S, those between V 
andUfrom S towards T; and so on. If the raySTin No.3 were brou|iU 
to coincide with A B in No. 1, the point S being placed at A, um 
poiticlei between S and V in No. 3 moving in opposite directiooB from 
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thow betw<eea A andD, and thxme between V and U in opposite direc' 
tkm from tliOM between D and C, and their velocities being supposed 
equal, their motions would destroy each other, and the wave would be 
destroyed, or darkness would resulL The path S T diffeis from A B by 
the distance S V, or half an undulation. The same would be the result 
if Na 3 began one undulation to the left hand of S, or two or more un- 
dulations, that is if the path ST, No. 3, differed from A B, No. 1, by one 
, and a half^ two and a half, dec. undulations. As the same consequences 
would follow, if the rays S T and A B met under a small angle, we infer 
(pase 115, text) that wnen the difierence in the lengths of the paths, 
of the two pencils of rays, is ^d (A D), Ud (A £), ^d, &c ** instead o€ 
adding to one another's inteosi^, they aestioy each other and produce 
a dark spot" 

No. VL h 

(Referred to f^om page ISO.) 

Professor Hare has observed, in relation to the translucency of eold 
leaf; — "Gold leaf transmits a greenish light, but it is que8tionfu>le, 
if it be truly translucent. Placed on glass, and viewed by transmitted 
light, it appears like a retina. It is erroneously spoken of as a continuous 
superficies." The nature^ the process by wnichgold is reduced to 
leaves, stren^ens this conclusion. 

On examinmg gold leaf by the solar microscope, I find in it innumer- 
able rents, and also various ^^radations of thickness ; the rents have 
their edges colored, a blue fhnge appearing on one side, and a reddish 
brown on the opposite side ; the thickest parts transmit no light, and 
through the very thin ports a delicate grf en light is transmitted. The 
surface thus exhibited is very beautiful. The rents are visible to the 
naked eye, when the leaf is very strongly illuminated. 

No. VII. 

(Referred to from page 237.) 

The following classificalion of colored bodies is alluded to in the text, 
as eiven by Sir David Brewster, m the life of Newton. The colon of 
each of the classes require, in his view, to be explained upon different 
principles. 

1. ** Transparent colored fluids, transparent colored gems, transparent 
colored glasses, colored powders, and the colors of the leaves and fwwers 
of plants." 

The colors of these bodies are derived from the absorption of particu- 
lar colored rays: thus, water at neat depths appears red by transmitted 
light, owing to the absorption of the blue anci yellow rays which with 
me red constituted white lights certain thicknesses of smalt-blue glass 
appear intensely blue by transmitted light, while at neater thicknesses 

the! 

the i -^ „ 

surface may be supposed to pass, the complementary tint being reflected; 
as all die incident licht is not reflected, the transmitted tint will be com- 
plementary to the colors absorbed, and thus the body will appear of the 
' cotor by both reflected and transmitted light Colored powden 
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would ieem not always to belong to diis daas, since many of them 
change their hues with a change in the size of the particles. 

2. « Oxidations on metals, colors of Labrador feldspar, colors of precious 
and hydiophanous opal and other opalescences, the colors of the feathers 
of birds, of the wings of insects, and of the scales of fishes." 

To these the Newtonian theory is strictly applicable. 

3. " Superficial colon, as those of motnerK)f-pearl an4 striated sur- 
faces." 

4. "Opalescences and colors in composite crystals having double re- 
fraction. 

5. *' Colors from the absorption of common and polarized light, by 
doubly refracting crystals." 

6. "Colors at the surfaces of media of difierent dispersive powers." 

7. "Colors at the surfaces of media in which the reflectmg fbrcei 
extend to difierent distances, or follow different laws." 



Na VIIL 

(Referred to fh>m page 851.) 

ic toy called by its uwentor, Dr. Paris, the ihaumairope, 
ir-turner, illustrates very perfectly the &ct of the duration of. 
impBssions on the retina. 
On one side of the card, represented in the diagram, is drawn a chariot 

A- 




and horses, and on the opposite side the charioteer; on causing the card 
to revolve by tumiiur the string C and D between the thumb and fore- 
finger of each hand, the chanoteer appears in the act of driving the 
chariot, as in the figure. It requires but little skill to give to the card, 
exactly the motion, which shall perfectly unite the two objects on the 
opposite sides into one picture, and yet not render it confused by the 
rapidity of the turning. Many amusing illustrations accompany the toy ; 
for example, Harleqmn and Columbine are painted upon opposite sides, 
and by a turn of the card are seen to join in a dance : royalty, stripped 
of its robes, occupies one side of the card, and the robes the opposite, 
the robes are donned by a turn : a potter seated at his wheel mouldiqff 
the unfiumed clay, occupies one side of the card, and an um is grasped 
by an arm on the reverse; on turning, the um appears graspedby tho 
potter's arm, the loot of the vase being yet unfinished. 
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Na OL 

(Refiecrad to frooi page 9BL) 

Bcfefring to hb new analyk of the tdT gpectniiii. Sir David Bi e w» - 
far adYanoei die feUowing hypotbeui to aceomit fiir eerfain of liiB 
CMet joftdeiaOed.* 

"Bjr meant of this a na ly ai a we are now able to eiplain die nhe- 
nomenon oliKnred byAoae who are nwenwhle to particular caaw. 
(Edin. Joom. Sc. Na XJX. old series. Na IX, new series.) Tlie eyes 

Bct all the 



of aocfa peisons are Mind to red UAt; and wben we abstract i 
red rays fiom a spectnim onnstitntPQ as alreadyt described, there will be 
ieA two oolois, Uue and yellow, the only ooion whicb are lecognixed by 
those who have this defect of vision. To such eyes, li|^ is always 
■ • • - - ■■ ' to tte 



seen in the red space ; but this arises fiom die eye being sensible to t 
* yetfov and blue rays, which are miied with the red li^t. 

Hence blue ligm wiU be seen in the place of the tnotef, and a greenidi 
yellow will appear in the orange and red spaces, or, which is ue same 
thing, the spectrum will consist only of the yellow and the bUie spectra. 
The physiological fact, and die optical {mnciple, are therefore in perfect 
aoGOitianee; and while die latter gives a precise explanation of the 
fcrmer, the fbraier yields to the latter a new and an imexpected sa^ 
port" 

The details of the cases referred to, fnllj[ sustain this condnskm. 
Hiere are other circumstances connected widi them, and with olhen 
described in the text, page 260, not imworthv of notice. 

In the second of the cases described in the Journal of Science, No. 
XIX, although the individual never failed to detect a full blue or • 
lull yellow, he seems to have had very imperfect ideas of those ooIon 
vdien presented in a state of mixture ; green, as such, he did not know, 
and wnen blue was diluted with yellow, forming whut to a good eye 
would appear yellowish green, the blue tint escaped him, and the mix- 
ture appMred yellow, m like manner, his discrimination of yellow, 
when mixed with blue, was very defective ; he called grass green 
3rellow, and jrct yellowish green appeared to be '* yellow with a good 
deal of blue in it.'* This remark nuvy serve to explain why the same 
white seen at different times, appeared to him to van^ in its tint, at one 
time being white, at another ** white with a dash of^yellow and blue," 
at another ** white with yellow and blue in it" When re<}ttested to 
arrange colon so as to produce the strongest contrasts, he divided them 
into two clasaes, to one of which he gave die name of 62u£, and to the 
other yellow. In these contrasts he invariably placed v/hite among the 
blues, and was never perplexed, as in the preceding examinations, when 
taskixig himself as to the precise shades. That white should be claared 
by him as blue, appears consistent with the other observatioas, for 
being- blind to red light the tint of white should be that which appears 
when red is removed fh>m the spectrum or a bluish green, which tint 
he saw as a blue. 

In examining other cases we shall find reason to be satisfied diat dus 
blmdnesi extends to light of other colors than red, and that in those 
eases also there is a want of discrimination between shades in mixturee 
ef die colori to which the eye is sensible. The Plymouth tailor, whose 

• SUnburgk IVana. Vol. XII. Part. I., or Edim. Journal*^ SUencs, No. X 
new series. 
1 8ts text, p. 00. 
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case ifl described bv Mr. Harvey (see pace 260, text), seems not to have 
been efitirely blind to red ligh( and to nave been in a measure blind 
to blue ; thus the nrismatic spectrum appeared to consist entirely of 
yeSoio, and light liue; the red, orange, and yellow spaces appearing 
as if red had been withdrawn from them, wnile the full blue, the in- 
digo and violet were ligJd blue, and dark blue and indigo stuffi ap- 
peared to be bladCf and crimson was either Hue or black. A dark ereen 
he regarded as browns by which, since he vras blind to red light, he 
must nave meant a shade of black, and light green as arsaget by 
ifiihich, ibr the reason just stated, he meant a variety of yellow. The 
blue in both these mixtures escaped his perception. 

An extreme case seems lo have occurred in the vision of Mr. ^oris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
oaahr distinguish tl(ick finm wJiiie, or was entirely blind to colors. 
*it is much to be desired, for the elucidation of this curious subject, 
!hat more well examined cases .were on record. The colon of the 
ipectrum afford rigid tests, not to be foimd in colored stufls; and by 
mch tests only, ihe minuti» of peculiaritieB of vision can be aatisfius- 
taniy determined. 



# 



APPENDIX 



TO 



SIR DAVID BREWSTER'S 



TREATISE ON OPTICS; 



INTENDED TO ADAPT THE WORK TO USE, AS A TEXT-BOOK 
IN THE COLLEGES OF THE UNITED STATES. 



B7 A. D. BAOBE, 

PRonanoB of nat. philob. and oHEHurniT in tbe 
UNimimr op pinnstlvamia. 



iii 
ADVERTISEMENT. 



The object of the following Appendix is to place in 
the hands of the students of our Colleges, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

The work of Sir David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied to 
the investigation of the different branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction. 

It may not be amiss to state, that I do not present, to 
the notice of instructers, an untried course, but that most 
of the propositions in the following pages have entered 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in Herschel's Treatise on Light. 

A.D.BACHE. 

' PmLADELPHU, MBtrdh, 1833. 
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KXFLBXION BT ^PHSRICAt AND PLANS MIKROKfl. 
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1. Direct and oblique pencil defined 9 

2. Reflexion of a small direct pencil by a Spherical Minor.— 

Case 1. Diver|(ing Rays fiilling upon a Concave Minor ... ib. 

3. Case 8L Converging Rays upon a Concave Mirror 10 

4. Comparison of the Formuls for the two Cases ib. 

& Case 3. Diverginj^ Ravs upon aConvex Mirror 11 

6. Case 4. Converging Kays upon a Convex Mirror ib. 

7. Comparison of formulse.r— Ueneral Formula for the Reflected 

Pencil 12 

8. Rule. — ^The stun of the vergencies of incident and reflected 

Pencils constant ib. 

9. Application of the general Formula ibr the reflected Pencil, 
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CHAP. I. 

REFLEXION BY SPHERICAL AND PLANE MIRRORS* 

(1.) In considermg the cases of reflexion Sn>m spherical or plane 
surfaces, two divisions will be made : in the first, the axis df the 
incident pencil will be supposed perpendicular to the surface of the 
mirror, in the second, oblique to it ; in the first case the pencil is 
termed direct, in the second, oblique, 

(3.) Prop. L ^ determine the form given by reflexion to a tmaU 
direct pencil of lights proceeding from a point in the axit of a 
mir;;ror. 

Case 1. In Ji^, 8., p. 18 of the text, let A represent the radiant 
point of a pencil of diverging rays, F its £x:u8, and C the centre 
of a concave murror. Call AD = u, FV = », and CD = r. ITi* 
angle of reflexion FMC being equal to the angle of incidence 
AMCt the line CM bisects the vertical angle of the triangle AMFi 
whence (Legendre's Geom., Book III., Art 201., or Euclid, VI. 3.) 

AC : A3f :: FC : FJH, or 

AC _ FC^ 

AM FM 

The pencil beinff, by supposition, very small, the point Jtf is very 
near to 2), henoe for the approximate value of AM we may take 
AD, and fiir that of FAi; FD. The equation just found beoomee 

AC _FC 

AD FD * 

By the notation adopted above AC = AD — CD as u — r, and 
FC^CD-^FD^r—v. We have therefore 



1 — — = 1 , whence 

u V . 



* Tbroughout the Appendix, the student is supposed to be acquainted 
with the corresponding chapters in the body of the work. 
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diyiding by r and tronsponng 

u V r 

(3) Cask 2. We next proceed to the case in which a converging 
pencil &U8 upon a concave mirror. Fig, 10^ p. 30 of the text 

AM, AN representing the two extreme rays of the pencil, con- 
verging to A\ the imaginary radiant point, MF and NF are the 
reflected rays. The radius CM therefore bisects the angle AMFj 
the outward angle of the triangle A'MF, and (Euc YL A.) 

A'C _ FC_ 

AM Fm' 
but for A!M and FM we may substitute A'D and FD, their ap-^ 
proximate values, whence 

AC _ FC 

AD FD ' 
Using the notation before employed, A'D s= «, FD = v, and 
DC = r, whence AC s= « 4. r, and FC = r — u; these valoes 
substituted in the equation just fbund give. 



« + »•_ 

u 


: , or, 

V 


■+T = 


:— — 1 and 


-4-^4^ 





= — (b) . 

• r 

(4) Cobparing equation (b) with (a) we find that it differs fiom 

it only in the sign of — which is positive in (a) and negative in 

(b) ; both these cases ma^, therefore, be represented by the same 
equation, if we agree to give the positive sign to the distance of 
the radiant point for diverging rays, negative for converging rays ; 
that is, if we consider the distance (u) positive, when the radiant 
point is ui firont of the mirror, negative when it is behind the 
mirror. ' 

I^ then, it tt represents the distance of the radiant point firom the 
mirror, . will denote the degree of divergency or ocnvergency 

-" 1 

of the incident rays. In like manner, — will represent the oon- 

V 

vergency of the reflected rays. From equations (a) and (b) 

J- + — =z — 

"t* « «i «• 
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where r is a constant quantity ; a result which may be thus ex- 
pressed : the divergency {or eonvergency) 0/ the inndent rays to- 
gether tnth the convergency of the reflected rays is a eorutatU 
quantity for the tame mirror* The curvature of the mirror is 

measured by — , the. reciprocal of the radius. 

r 

(5.) Case 3. Diverging rays falling upon a convex mirror. Fig, 13., 
p. 21, text 

The line CM, bisects the outward angle of the triangle AMF^ 
whence (£uc. VI. A.) 

AC _ FC ^ 

am" fm' 

Bubstitutmg their approximate values finr AM and FM, 

AC _ FC 

AD FD ' 
and by the notation adopted in the cases already considered, 

ILtI = I=£. whence 

tt V 

J. 1 2_ ,. 

u V r 

On comparing this equation, in which we have made post* 

tt 

tive as it corresponds to a real radiant, with (a), we perceive that 

1 2 

the signs of both — ^ and — are difierent FVom the figure we 

observe that v corresponds to an imaginary focus, and that the ra- 
dius is now behind the mirror. Equation (a) may, then, be used 
to represent this case if the sign of the radius be changed ; the re. 
suiting negative value of the rocal distance correspond to a focus 
behind the mirror. 

(6.) Case 4 Converging rays falling up<m a convex mirror. The 
formula fi>r this case may be deduoeid'firom flg. 12., if B Jtf and 
B 2V be made to tepresent the incident, and MA^ NA the reflected 
rays. We should have by proceeding as in the last case, 

FC __ J£ ^ 

FM am' . 

FC _ AC 

FD "^ ad' 

and since FD a «, F being the imagmary radiant point, and 
AD^v, A being the focus; JPCBr — tr, and ACuar + 9, 
whence 
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= —r — , or 

tt o 

-l. + J-^-± (d) 

u V r 

the fint term beiiijr made negative to correspond to the case or 
ooQverging raya. This formiua differs fix>m (c) in the sign of 

L , which was negative in (c), and in that of _ . The figure 
« tt 

•hows that V in this latter case corresponds to a real ibcus, while 
in the fbnner — v denoted the distance to an imaginary focus* 

Tlie change of sign in _ confirms to the remarks made in 

article (4) 

(7.) Comparing the fbva equations (a) (b) (c) and (d), we per- 
oeive that the fiumula 

± + ± = ± (1) 

tt o r 

may be made to include them all, by attributing to tt, and r, respec- 
timy, the positive sign when the radiant point or the centre is in 
firont of the mirror, the negative sign when either of these points 
is behind the mirror, and by considering the positive value of v as 
eorresp<HidiBg to a ibcus in front of the mirror, its negative value 
to one behind it 

(8.) We might have dmmenced by giving to the student this 
conventional mode of considering the quantities used in the an- 
alysis, and then have deduced the general equation by reference to 
a single diagram : we have pre&rr^ in the outset to show him that 
the variations in the algebraic signs are not arbitrary, but required 
by the geometrical rebSions of the quantities. 

From the fermuk 

-L + J. = -l (1) 

u V r 

we deduce the general rule, that the nan tf ike vergentk^ €f the 
incident and reJUeUd pencUa is a eonttant quantity. 

(9.) Having obtained an equation (1) expressing the rektion be- 
tween the distances of the radiant point and focus of a small pencil, 
by means of the radius of the mirror, we shall proceed to interpret 
it in its application to different kinds of mirrors, and under different 
drcmnstances of the incident pencil 

* This convenient term, expresBing, as the case may be, either dJTergenejr 
ereo M virgency, is {iroposed and utea by Lloyd in his Tieaiiae on Light and 
ViiioB. 
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Prop. n. 2b determine the form given to a email pencil efrajf fy 
reflexion from a plane mirror. 

In the plane mirror the radius is infinite, or — ss o > whence 

ih»n(l), 

— + _ = (2), or, 

tt ' f> 

Vss — «. 

Tbie feeus and radiant point are at equal distances fiom the 
mirror, but cm opposite sides of it. 

(10.) If parallel rays fiill upon the mirror ti = oo , and « ss — qo , 
or the reflected rays are parallel This corresponds to the case 
represented in Jig. 4*i p* 15, text. 
(11.) If the rays diverge before reflexion, the formula 

J_ 1_ ^ 

V u 

shows that they will be equally divergent after reflezbn ; and 

O as — u 

that the focus is as Ikr hehind the mirror aa the radiant point is in 
front of it Fig, 5., p. 15, text 

<19.) For converging lays {fig, 6., p. 16, text,) ft takes the nega^ 
tiye sign, and (2) becomes ' 

J" + V "^ '^ ^^' whence, 

V tt 

V :s tt. 

The siffn of v being positive the focus is real, its distance v in 
front of the mirror is equal to> the distance of the imaginary ra- 
diant point behind it 

(13.) Prop. III. Reflexion of a email pencU of light hy a eoheave 
mirror. 

The formula which applies to this case is» 

^ + J-=A (1). 

tt V r • 



By transposition 

J- =s JL — J- = ^^ ^ 

V r u ur 

ftr 

V = s • 

2tt — r 



» or. 
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Ilia ?ahie of o givei the role on page 19 of the text 
(14> When the rays are panQel — s o . And 

— = — . or, 

V r 

r 

" = "a • 

The aign of v heing poaitiye shows that the fbcoa is m front of 
the mirror, and its Talue JL , that the local distance is half the 
radius. This is represented in Jig, 7., p. 17, of the text, where 

The focus of parallel rajrs is called iheprineipal focus. As it 
serves as a point of comparison for the foci of other rays, we shall 

Q 

repr e se n t its distance hy a symbol, /. Placing for its Yalne- 

r 

JL , formula (I) becomes 

i*-^=j- * 

(15.) The next ease to be considered is that of dherging laysu 
In this, u is positive and the formula is 

— + 4- = -7^ (4), whence, 

U 9 f 

J^ _ Jl 1^ 

V f u 

As long as u >/, or the point A in Jig, 8., p. 17, is ftrther 
than the principal focus firom Z>, we have — ^ _, and J. 

is a positive quantity, or the rays converge after re- 

flexion. Smce 4 i- <-4- » ^« ^^e -L<:_L , and 

/ » / t» / 

V >/, or the focus is farther from the mirror than the principal 
focus. 

If we suppose, besides, that A is beyond the centre O, we have 

«> r, and JL<; 2.. whence JL _ i_ ,or A _ i. > ? 
u r , f u r u r 

,or> — , and^. — > — ,or » <r, the local diatanoe 

*• r t r 

m less than the lydius. ~ 
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We infer, then, that rays diverging^ from a pomt beyond the 
centre of the mirror, are reflected to a point between the principal 
focus and the centre. 

As — diminishes in value, — evidently must increase, or, 

tt V 

as tt increases, v diminishes, and vice versa : that is, as the radiant 
point recedes from the mirror the fecus approaches it, and vice 
versa. When the radiant point becomes infinitely distant, the rays 
are parallel, and their focus is the principal locus. 

We have seen that as long as the radiant point is &rther from 
the mirror than its centre (that is, u > r) the focus cannot corndde 
with that centre (or v <r) which it approaches. If u s r, or the 
radiant point coincides with, the centre, then 

1 11 2 11^, 

— >. = = = — ,or, 

V f r r r r 

© = r, 
and the rays are reflected to the centre. 

Let the radiant point now pass the centre towards the pilncipal 
focus, that is, let tt < r, and at the same time tt > /, or — > - 

and -1- < JL . Since JL < Jl- , .i L is still a positive 

u f u f f u ' 

quantity ; the rays are, therefore, still brought to a focus : but 

smce _>-L, -~ L. or -Z L<JL, whence 

tt r / tt r tt r 

1 ^ JL and o > r ; that is, the focus lies beyond the •centre. 
V r 
When the radiant point -coincides with the principal focus tt s/ 

whence, _= -— ,and — r= _ = 0,<n:9:a:ao 

u / V f u 

the rays are rendered parallel by reflexion. 

If we suppose the radiant point to approach ftill nearer to the 

mirror, so that u </, we have — >--=-. whence — is 

u f / , ** 

negative; that is, — has a negative sign, or the focus is 

V 

imaginary, the rays diverging after reflexion. The divergency 
ef uie reflected rays is less than that of the incident rays, 

for J_=: -.^-i L\, and i ^< — . the di. 

V \u f / tt / tt 

rergency before xeflexion* 
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(16.) ¥&r the case of converging rays faUing upon a concave mir. 
ror (jig. % p. 19, text,) we make, in formula (4), v negative ; whence, 

— . -= 4- (^)'^^' 

V u f 

V f u 

The signs of the quantities on the right-hand side of this equa- 
tion being both positive, _ is always positive. Converginf rays 

V 

are» therefore, always brought to a focus. Moreover, since — |- -. 

> — « -L > — , «r &6 convergency is greater after, than be- 
u V u 

fere, reflexion. Since Ji — I > — , — '. > — and v </, 

u f f V f 

whence the focus of converging rays is nearer the mirror than the 
principal focus. 

Substituting, in equation (5) for _ , its value _ , and trans 

.1 ^ ' 

posing — , we have 

» r tt ' 

whence the value of «) is 

V 



2u + r 
agreeing with the rule on p. SO of the text 

(17.) FkOF. IIL Eeflexion of a snudl peneU of ray fty a eqnveat 



In this case, r, the radius of the mirror, takes the negatVe sign, 
and equation (1) becomes 

-L + jL = _±.r...(6). 

tt e r 

(18.) For paraUd rays (Jig. 11., p; 21, text,) — =0, whence 

12 • r 

^ = ,ort> = — -. 

V r 2 

The focus is behind the mirror, and at the distance, fitxn the 
vertex, of half the radius. 

If we call the principal focal distance /, the formula for the re- 
flexion by a convex mirror becomes 

. ± + ±=-1. (7). 

U V f 
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(19.) For diverging rayt (Jig. 12^ p. 21,) weliave 

and therefore — is always neg^ative ; such rays diverge after re- 

V 

flexion, and since _ -{- — > — , dr — > — , their di- 
f u u V u 

vergency b increased by the reflexion. 

(30.) Figure 13. will, as has already been stated, represent the 
case of converging rays falling upon a convex mirror, if we sup- 
pose BM, and BN to represent the incident rays, meeting in the 

imaginary radiant point F. To express tills case analytically, tt 
must be made negative, and the formula is 

= 7- (8), or» 

V u f 

1 1 1 



The position of tlie fbcus, as shown by this equation, passes 
through variations, corresponding to those in the case of divecging 
rays ^ing upon a concave mirror (Art 15.). 

(21.) It is sometimes convenient to refer the distance orthe ra- 
diant point and focus, to the centre of the mirror, instead of to the 
vertex. Formula (1) may be readily transformed into one which 
shall refer to the centre. 

Prop. IV. To determine the relation of the distance of the focus and 
radiant pointy of a small pencil of rays^ from the centre of a 
mirror. 

By Jig. 8., p. 18, text, it appears that AD = JC + CD, and 
FD^CD — CF. Calling i^C = u' and FC = t>', CD, as be- 
fore, s= r, AD = u, and FD =s o ; we have u = o' -|- r, and 



» = r — V. 








Substituting 


these values of u 


and V in the equation 


1 


+ J- = -l 




(1), it becomes 


u 


"^ V r 








u' ^r^ r 


1 


r 




yf ^r^ f 


r 


-2» 




»• _ 1- 


1 - 


r 


r-p' ^^"" 


»'+>- 


B2 
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Bringing to a common denominator the qoantities on both sides 
of the equation, and reducing, we have, 



r — »' tt' 4- r 
r — t>' ti' 4. r 

— ir = — 5^' 

^-1 = 1 +-!..«. 

L_J,= A (9). 

(23.) This equation is the same in form with the one found 
when the distances were estimated from the vertex, except that 
the sign of vf is negative, the distances v* and u' being now 
reckoned in opposite mrections. 

Equation (9) might have been deduced directly from the relation 
of the Unes AM, FM, AC, CF, fig, 8^ in the triangle AMF. The 
sdutioa of the question by that method, would have been more 
simple. 

(23.) If we substitute fer A , m equation (9), its value 1 , we 

have 

-L--V=-i- (10). 

From this equation, may be deduced the relation expressed in 
the following proposition. 

(34) Paop. V. The distance of the principal foctu of a mirror from 
the centre, is a mean proportional between the distances if the 
radiant point and focus of any smaUpencH, from the principal 
focus. 

Equation (10) gives, 

1 1,1 /+«*', 

i— = -I- = ''^m — « or, 

•' f w 7u' 

«* = ^-^ ■ , whence, 

/+ a' 

/-«':/::^;/+tt', 

in which proportion / — ©' represente FO (fig. 8., p. 18, text,) or 
CO ■— CF, and u' + /, AO or AC + CO, 

(25.) 'The subject of reflexion at curved surfaces in general, will 
be treated briefly in a subsequent chapter. Tlie properties of the- 



or. 
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surfaces formed by the revolution of the parabola and ellipse about 
their axes, are readily understood, from very simple geometrical 
considerations, and gain nothing by being presented analytically. 
They will, however, be referred to in another part of this Appendix. 
(26.) We pass next to the reflexion of a small oblige pencil by 
a spherical mirror, on which subject two propositions will be 
given ; in the first will be considered the case in which the axis 
of the pencil does not cross that of the mirror, and the pencil falls 
upon the mirror near to the vertex, and in the second, the case in 
which the axis of the pencil crosses that of the mirror. 

(d7.) Prop. VI. A email pencU having its radiant poifU ota of the 
axie of a mirror, meets the eurface near the vertex, required the 
form of the reflected peneU. 




Let LMN represent a section of the mirror, made by a plane 
passing through the Imes MR and MC, or through the axis of the 
pencil and the centre of the mirror. RL is an extreme ray of the 
pencil incident very near to M, LF is the corresponding reflected 
ray, meeting the reflected ray MF, which corresponds to the axis 
of the pencu, in the point F, F b the focus of the p^icil LRN, 
in the plane of the section RMC, 

(88.) To determine the focus of rays which m6et the mirror in 
a plane perpendicular to RMC; suppose a plane to pass through 
RM at right angles to that of the figure, this plane will cut from 
the pencil, RLN, two rays, which reflected will meet the axis, MF, 
of the reflected pencil, in the focus required. If^ now, a p^e be 
passed through one of the incident rays, just described, and the 
corresponding reflected ray, it wiU pass through the centre of the 
mirror ; the line RC, joinmg the radiant point and centre, will be, 
therefore, its intersection with tlie plane RMC containing the axis 
of the incident and of the reflected pencil ; and the pomt, F', in 
whicli RC produced meets MF, will be the point in which the sup- 
posed plane meets MF^ that is, the fecus of the reflected pencil. 

The focus, of the reflected pencil, in any plane between RMC 
and the one at right angles to it,* will be Sound between Fand F^ 

*Ctiddington terms tbe former of these planes the primary plane, the 
alter, the secondary plane. 
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(39.) To detemune, analytically, the position of the pdot F; 
draw firom the vertex M, MX and MZ perpendicular, respectively, 
to RL and LF; also from C, CP and CQ perpendicular, respec- 
tively, to RM and MF. As the arc ItM is very small, it may be con- 
sidered a straight line perpendicular to the radius CL ; whence the 
incident and reflected rays making equal angles with CL, also make 
equal angles with jU^f, and the triangles LMX and LMZ are 
similar. But they have the side LM common, hence they are equal, 
and MX is equal to MZ, The two triangles CPM and CQM being 
also equal, CP is equal to CQ, And since CT and CS may be 
considered as perpendicular to RL and LF, they may be taken as 
equal. Whence P 7= Q& By the similar triangles /iiT and AMX; 

RP : RM:: FT: MX; 
and by the similar triangles FMZ and FQ^ 

. q^: MZ:: FQ: FMi 
whence, ainoe PT^ Q^ and MX^MZ, 

RP : RM :: FQ : FM (e). 

Let RM^ «, JfFs V, CM^ r, and the angle RMC s ^ . 
Then, 

lM» = i2M— JfPs=iMf--CJIf . COS iSMC, or, 

RP = It — r cos ; and 
FQ^ MQ-'MF^MC . cos CJTF — JMF, or, 
FQ s= r. cos ^ — V. 
By substituting, in the proportion (e) above, for RP, and FQ^ 
the values just found, and for ^ilf, and FJtf, u, and o, we have 

tt — r. coa ^ : tf : : r. cos ^ — o : o, or, 

tt — r. cos ^ r. cos ^ — «. tv 'j* l 

= 1 . Dividing by r, 

tt » 

i 221?= 2;!L? L, and 

r u V r ^ 

^!t± + S^=± (11). 

V u r 

when<^, 

nr 



2tt 
cos ^ 
(30.) To interpret equation (11) geometrically, we should ob- 

serve that the ratio of JlCy to JRJM; that is, ^ ^V measures the 

\RM / 
divergency of the incident pencil LRN, Bat in the triangle MXL, 
MX ss ML . cos LMX, and since tlie angles XMK and ZtilfC 
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are nearly right angles, LMX is nearly equal to KMC^ or MX =2 
ML. 008 ^. tlierefbre varies with ,221jt , which, 



RM u 

quently measures the vergency of the incident rays. In like 

manner, ^2L^ expresses the vergency of the reflected pencil. 

V 

We infer, then, from (11), that the sum of the vergencies of the 
incidera and reflected pencils is a constant quantity. 

If = 0, or the rays proceed from a point in the axis^ cos 
^ ^ 1, and formula (11) becomes 

— + — == — , 
u V r 

agreeing with equation (1). 

If the rays are parallel, fSL? = 0, and 

cos ^ 2 
1 = , or, 

V r 

» = -I- . cos 0. 

(31.) To find the position of the point F', for the plant perpm^ 
dicular to RMC, we have, in the triangle' RmC, 

MC : MR :: am MRC : sin MCR, or, 

calling the angle RCD, 0, whence MRC s 6 — ^, 

r : u : sin (d — ^) : sin ©, 

r sin (fi — <p) 

u sin fi 

and, by substituting for sin (9 -^ 0) its value, 

r sin g cos — cos g. sin ^ 

u sin g 

If JIfF' bo called t>', we may deduce from the triangle CMF\ 
by a method similar to that just used, 

r __ sin (e 4- 0) 

—7- = : — 3 » or, 

v> sm 9 

r sin g. cos ^ 4- 008 0, sin ^ 

v' "~ sing 

Adding together the values found for ~ , and JL- , and re- 
it t>' 



ducing, we find. 



— + -^ = 2 . cos , or, 

U V 
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1 1 _ 2. COS 

u ©' "" r 


..(12). 
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Since 22L5 represents the vergency of the incident rays, and 
u 

*^^ that of the reflected rays, it is evident, from (12), that the 

»' 
8um of these quantities, for the incident and reflected rays, in the 
secondary plane, is not constant for the same mirror, but depends 
upon the angle, 0, of inclination of the axis of the pencil, to the 
. axis of the mirror. 

(32.) Prop. VIL A small oblique pencU crosses the axis before 
meeting the mirror^ required ifle form of the reflected pencU. 

Fig. B. 




In the figure, R is the radiant point, JRL the axis of a small 
pencil, of which one of the extreme rays is RN\ MC is the axis 
of the mirror, which is cut by RL at the point D, F is the focus 
of the reflected pencil in the plane RMC» F' (found as in the 
last proposition) is the focus in the plane perpendicular to RMC, 
In this proposition must be found, besides the distances LF and 
LF\ the point Y, at which LF cuts the axis, and the relation of the 
angle LYM to the angle LDM, which latter angle b given. 

Call, as in article (29.), RL = o, LF = ©, LF' ^v\CL=ir; 

bIbo let MY =: z, MD =: b. 

Since CL bisects the angle DLY^ we have, 
YL : DL :; YC : DC, 
or, taking for YL and DL, the distances YM and DM, which are 
nearly equal to them, 

YM : DM :: YC : DC, thai is, 
z : h ::r — z : b — r, or, 
r — g __ b — r ^j. 
z 6 * ' 

z r r b 
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+ 4-=- 

r 



,(13). 



An equ^cm from wliich x may be determined. 

The approximate value of the anrle LYM may be obtained by 
supposing that the tangents of LYm and LDM are to each other 
as the distances YM and DM, or, 



tan Y 
ianD ' 



YM 
DM 



The distances LP and LF^ wiU be given, as befbre, by the 
equations 



eos^ ^ «»^ . 



r 



1,1 2. cos« 



. (11), and 
...(12). 



CHAP. n. 

FORMATION OF IMAGES BY REFLEXION. 

33.) In discussing the subject of the formation of imag^ by 
reflexion, the sux&ce of the mirror will be assumed to be spherical, 
and the most useful case will be solved ; namely, that of a plane 
perpendicular to tiie axis of the mirror. The objects, of which 
nnages are to be fiirmed by mirrors, when not plane, are generally 
of irregular forms, and the images can be found, only, by points. 

Pbop. VIII. 7b detirmifu the mage ef a plane, perpendicuiar to 
the axie of a mirror. 




In the figure, let MN be the intersection of the plane constitutuig 
the obj^ with a plane passing through the axis of the mirror. It is 
effdent that if a small pencil of rays be supposed to proceed firom 
each pomt of MN, and the several foci of the pencils be deter- 
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mined, the aasemUage of the points thus fbond will give the 
image. From itf and iV, through C, the centre of the mirror, draw 
MB and NA, the axes of two pencils of rays from M and N, and 
upon which, therefore, the foci of the pencils will be found. Let 
the ffotsm of the pencil, of which JIf J3 is the axis, be at m. 

Bj our former notation, (art 21.)* MC = u', Cm s= i/, and CB 
s r. Call CEf the distance of the object from the centre of th« 
mirror, d ; and the angle MCE<, B : then, since 

Cj5= cm, cobMCB, 

d scuf. cos 0, or, 

cos 

The general formula, for the relation of the distance of the ra- 
diant point, and of the &cus, from the eentxe, was, art (23.), 

7? ""T ■^'^' 

and, substitating the value of u\ just found, 

V^T"-^ ''''- 

The polar equation of a conic section, the focus being the pde^ 
is (Young's Analjt Geom., Chap^ V.) 

1 4- e . cos » 
1 1 , e . oos«i 



r -4(1 — «>) -4(1 — «8) 

This equation win be identical with (14), if we suppose — = 

1, I = ±, _J = JL,and- = 0. 

1/ ^(1 — e2) / ^(1 — e3) d 

The image of the line MN is, therefore, a portion of a eonie see- 
Hon, of which C, the centre of the mirror, is one of the foeu 

(34) Since/«il(l-s3)«^(l-^)=: J,(Analyt 

Geom.) the semi-ptrameter of the conic section, and / is constant, 
it follows that the radius of curvature at the vertex of the conic 
section, which is equal to the semi-parameter, b independent of 
the distance of the object from the centre of the mirror. 

(35.) We prooeed to examine the variation in the figure «f the 
conie se^ion just.found, when the distanoe of the obj^ fian tl» 
minor varies. 
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Hrst, let the object be infinitely distant Then, — =s o, and 

d 

f =: 0, that is, e = 0, and the image is a portion of a 

• 1 2 f* 

circle, corresponding to the equation _^ := — , or, v' = .— . 

The radius of the circle is half that of the mirror. 

As the object is brought nearer to the mirror, d diminishes, or 

— increases; but, — = f , and, since A (1 — e^) =/, 

d d -1 (I — «*) 

or is constant, e must vary as —-^ , and, therefore, increases. As 
d 

loiog as d >/, or — < — , f << = 3. , or « 

< 1, and the image is a portion of an eUipee, 

When d «/, e » 1, and the cunre is a parabola. For d </, 
e > 1, and the curve becomes a branch of'^lofperbola. 
If (2 ss o» or the object passes through the centre of the minor, 

~ =r 00 , and e is infinite, or the image is a straight line, ooin- 

d 

ciding with the object 

When the object passes the centre, towards the mirror, d be* 
comes negative, and the equation (14) changes, if we reckon ^from 
GC,to 

±=1 52L? (15). 

rf f d ^ ^ 

This equation gives a hyperbola while d <.fy vl parabola when 
<2 ss/, on ellipse when rf > /. 

Each of these cases presents curious circumstances. For ex. 
ample, in the ease, d </, if a point be taken in the object, so that 

tt's/, that is, =5 /, the equation for the focal distance of 

cos a 

the pencil proceeding fi'om that point, is 
— — - BB 0, 1/ ss 00 ; 

V 

tfie image is infinitely remote from the mirror. If we suppose the 
object to be sufficiently extended to cut the mirror, the point com- 
mon to tiie object and mirror is its own image, and for that point 
tt' s= r, and vx= r ; between the points for which u' = r and v! = 
/, the distance of the image has varied fVom r to mfinity, and, 
theirefto'e* that portion of the object which is between these limits, 
has a virtnal miage, the part of each branch of which, between 
vf vmf and the veiteic, is wanting^ 
C 
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The pert of the object between u' t= d and uf s= /, has its image 
beyond the centre ; it is the branch of a hyperbola conjugate to 
the first 

(36.) If the section of the object be an arc concentric with the 
minor, u' is constant, and 

«' / tt' 

is oonstant, or the image is also a circular arc concentric with the 
mirror. In this case, the relative magnitudes of the object and 
image are as their distances from the centre of the mirror. 

(37.) We have considered a section of the object, of the image, 
and of the mirror, made by a plane passing through the axis of 
the mirror ; if these sections be supposed to revolve about the com- 
mon axb, tlie section of the object will generate a plane, and that 
of the mirror, and of the image, surfaces of revolution correspond- 
ing to the sections. 

(38.) The case of a convex mirror is embraced by equation (14), 
if r be made negative. 

2 
For the plane mirror, r s ao , and — s= o, whenee^ 

4 = ^* (16). 

and the itnage is similar to the object. 



REFRACTION. 



GHAP. m. 

REFEACnON BY PRISMS AND LENSES. 

(39.) The most simple case of the refiraotion of light, is that in 
which it takes place at a plane surface. The perpendicular being 
drawn, the refracted ray is connected with the incident, by the law 
(p. 29,tezti) that the sine of the angle of refraction bears a constant 
ratio, fi>r a given medium, to the sine of the angle of incidence. 
To represent this law analytically, suppose a ray passing from a 
rarer to a denser medium, call the angle of incidence ^, me angle 
of refraction 0', and let the sifn of incidence be to that of refrac- 
tion, as m is to 1, when m will represent the index of refraction of 
the denser medium, that of the rarer medium being unity; we 
have 

sin : sin ^' : : ift : 1, or, 

sin ^ s= m . sii) ^' ..•.-. (17). "^ 
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When the ray passes from a denser to a. rarer medium, ^' repre- 
sents the angle of mcidence, and ^ that of refraction. 

If' the angles <p and <p' be very small, they may be taken instead 
of their sines, in which case, 

= TO . 0'. 

(40.) The difference between the angles of incidence and refrac- 
tion is termed the deviation of the ray, fi>r a single surface. When 
the angles are very small, we have, ror the deviation, 

— ^' = m0' — 0' = (m — 1) 0', 

^-^' = ^^'^ ^^^' 

m 

The deviation, therefore, when the a^le of incidence is gmall, 
bears a constant ratio to that angle. 

(41.) The case of the total reflexion of a ray moving in a denser 
medium, and arriving at the separating surface of tl^ denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in equa- 
tion (17). The ray passing from a denser to a rarer medium, if 0' 
be taken to represent the angle of incidence, and that of refrac- 
tion, m will remain greater than unity, the angles being, as before, 
connected by the equation 

m . sin ^' s sin (17). 

In this equation, since sin can never exceed unity, m sin 0' 

cannot exceed unity, whence sin <p' cannot exceed — , (in which 

nt 
case, m . sm 0' = JO or, the equation cannot be satisfied if sin 0' 

> — . The ray then ceases to be refracted ; it is wholly re. 

m 
fleeted. 

The angle, at which, light, passing through a denser medium, 
and meeting the separating surface of &e denser and of a 
rarer medium, ceases to be refracted, is found from the equation 

sin <p' = — . If -the denser medium be glass, and the rarer, air, 
m 

sin f = -L = -i- . whence. <p' =* 4P 48'. 
m 3 

(42.) The phenomena of reflexion might be derived, Analytically, 
fh>m those of refraction, by considering that the angle ofVefliexion 
is measured with the same perpendicular as that of refraction, or, 
is the supplement of that measured by ^', (see text. Jig. 22., p. 35), 
pnd that the angles of incidence and reflexion are equal, but on 
opposite sides of the perpendicular ; so that, in the case of re» 
flexion, sin ^ = — sin 0', or, m S5= — 1» 
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(43.) Prop. IX. 7b determine the course of a tingle ray, or of a 
onutU pencil of rays, refracted by a prism, {Fig. 20., p. 33, 
text) 

Let the angle, HRM, of incidence, upon the first nirfiice, be 
called ^ ; H'Rrf, the corresponding angle of refraction, ^' ; H'RN^ 
the angle of incidence on ths second sur&ce, <//' ; n'Rb\ the angle 
of emergence from the prism, \p ; the angle, A, of the prism, a. 
The angles, RAR, ARR, and ARR, together, ore equal to two 
right angles : hot ARR = 90^ — ^', and ARR = 9(K> — ^ 
whence. 

fl + (90 — ^O -f (90 —V'') = 180, or, 
, a = 0' -f ,f,' (19). 

The angle of total dniation, DEH, is equal to the sum of the 
partial doTiations, ERR and ERR^ that is, calling the deria- 
tion ^, 

^ == ^ — *' + t/' — V''» or, 

a = ^ -f ,^ — (^' + I/O, or, 

a = ^ + t/. — a (20). 

This vafaie of the deviation contains the given angles ^ and a, 
and the angle ^, which may be found by means jof the illations of 
^, f\ ^', and ^, as given by the fitllowing equations : 

sin ^ s m . sin / (17), 

,/,'=a-.f (19), 

sin i// = m . sin i//' (17')* 

(44.) If w6 suppose the angles very small, we have, fix)m (17), 
s=s m^', whence, 

0— *'=(m — 1)^'. 
Also, from (IT), 

tf — tf/ = (wi — 1) <//', and 

a = ^ — /4.V^--i//=(m — l)(^'+i^'); 
but (19) gives 

^' -f ^ssto, whence, 
6 = (m — l).a (21), 

a value depending only upon the refractive power of the material 
of the prism, and upon its refracting angle. 

(45.) There are two other cases in which the deviation, as given 
b^ equations (20), (17), (17'), and (19), assumes a somewhat 
simple form. These we shall consider, in order. 
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(46.) Prop. X. 7\> find tke deviation of a ray ^ or of a small pencil 
of rays, incident perpendicularly on one of the surfaces of a 
prism. 

When the incidence upon the first surface is perpendicular, ^ s 
0, and 0' s= 0, and equation (20) becomes, 

i = t/' — a, 
and (19), 

^' = a, whence, 

sin (/.'s m . sin t//' = m . sin a ; 
but fi-om the value just found for 6, we have, 
!// s a 4- 3, whence, 

sin (a 4- ^ ss m . sin a (22) : 

from which equation, 3 becomes known when a and m are jj^iven ; 
or, 

sin (g -f 3) 

f» = — — : » 

sm a 

may be found by determining i and a. This is one method of 
determining the refractive pou>er of a stdfstance. Another method 
is furnished by the next proposition. 

(47.) Prop. XI. To determine the deviation of a ray, or of a small 
pencil of rays, when the angles of incidence and emergence are 
equal. {Fig, 20., p. 32, text.) 

By the condition of the question &= i//, and since, from (17), 

. ./ sin 6 J « f^ sin \J/ 
sm = — - , and sm ^ = — I , 
m m 

sin 0' as sin \p\ or, 0' :s ip*, 
liquation (19), gives, 

20'=fl,or,0'= -|-, 
and firom (20), by making ^ = i/', 

a = 20 — fl, and = ?-±i . 
Substituting these values for <p and <p' in (17), it becomes 
sin -^ (o + 3) = OT . sin -g- a (23) ; 

an equation from which S may be determined when a and m are 
given. 

By transmitting light through a prism so that = ^, we have 
a method of measuring the rrfractive power of the substanoe of 
which it is composed, for, 
* C2 
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■in i (a -|- d) ss fit . sm ^ a, whence, 

^^rinl(a+J) (24^ 

sin ^ a 

The equality of the angles of incidence and emergence may be 
ascertained, by measurement, with the instrument which has been 
devised for this purpose, or by the use of the proposition which 
follows. 

(48.) Prop. XII. 7%« angles of incidence and emergence, of a ray 
pasting through a prism, are equal, when the deviation is a 



The prqxmtion requires the deviation to be a minimum. We 
therefore find its value, differentiate it, and put the differential co* 
efficient equal to zero. The value of the deviation, fi'om equation 
(20), ia. 

i « ^ + V— a, 

the difibrential of which, a being constant, is, 
dis=d<^ J^ <2>^,- whence, 

^= 1 + ^. 

d^ 1 d<^' 

Equation (19), is 

a = ^' + >l/, 

by the differentiation of which, we obtain 
£i— — 1 

From equation (17), by a similar process, we have, 
d . sin ^ = m . (i sin ^', or, 
coup , d(p s= m , COB <p' , d<f>\ cv, 

coe^ 
In like manner, we obtain, by differentiating (170, 

d^l'^.m.'^^.dyl/. 
cos -^ 

Dividing the second of these equations by the first, 

d^ cos ^ . cos >t/ J>|/ . _ 

>__ = J . -__ , or, smoe 

d^ cos 0'. coa>l' d^' 

dV _ 

If ^' 

d^ ^__ COS ^ . cos aI/ 

d^ cos ^' « cos ^l' 
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Substituting tlii 
above, it becomes, 



Substituting tliis value &r in the value of found 

^ d<p dip . 



dS cos <p . cos -4/' 

d^ cos 0' . cos "^ 

This value found for the differential coefficient of 5, is to be 
made equal to zero, whence, 

°°»»-'=°"^=l (25); 

. COS ^' . COS -4/ 

an equation which is satisfied if ^ s "4/, or the angles of incidence 
and emergence are equal, .The metliod of using this pr&poaition 
is described in art. 35, pp. 33, 34, of the text 

Refraction by Lenses, 

(49.) In discussing the subject of refraction by lenses, we shall 
consider the refracting surfaces as spherical. The pencil of inci^ 
dent ra^s will be, first, assumed as indefinitely small, and the thick- 
ness of the lens neglected ; next, the correction for thickness will 
be introduced, and, lastly, under the title of Aberration of Lenses, 
the case of a pencil of any magnitude will be considered. .Refac- 
tion through spheres and parallel plane surfaces, will be deduced 
fit>m a consideration of the general case. 

(50.) Prop. XIII. Ih determine the course of an ind^nitely small 
pencil of rays^ passing from a rarer to a denser medium^ through 
a spherical surface, 

Fig.D. 




Let J? be the radiant po\Qt of a small pencil, of which EV is 
the axis, and ER the extreme ray ; the ray ER, passing into the 
denser medium, will be refracted towards the perpendicular, CjR, 
making the angle mRM less than ERC^ and in such a proportion 
that sin ERC : sin mRM : : m : 1, m representing the index of 
refhiction of the denser medium, that of the rarer medium being 
unity. 
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Call £r=5 u, Fr= «', Cr = r. In the triangle, ERC, we 
' hmye, 

EC sin ERC 







ER 


sin ECR 


id in FRC, 




FC 


sin "FRC 






FR 


sin FCR 


Dividing the first of these 






EC 
ER 


FR __ 
FC 


''^^«<^, adduce 
aaFRC 



sin JSiZC = m . sin mRM = m . sin FRC^ 

EC FR __ 

ER FC ^ 

Tlie pencil of rays being very small, the point R is very near to 
V, and for ER and FR we may take their approximate values 
EV and FV, whence. ^C = EV — CF= u — r, and JFt? =. 
Fr— CF = ii' — r. Substituting these values of EC and FC, 
and the values of ER and FR for those lines in the equation just 
found, it becomes 



= m, or, 



« 



u tt — r 

m . J— ; and, dividing by r. 



11 m nt 

= r • or, by transposition, 

r u r u 

m 1 9fl -^ 1 /ewK 

— r = (2o). 

f* tt r 

(51.) This formula may be adapted to aU cases of a 4nnall pencil 
incident upon a spherical surface, by a conventional mode of con- 
sidering the algebraic signs, of the different quantities involved in 
it. I^t us, as in reflexion, consider u, u\ and r, essentiaOy posi- 
tive when the radiant point, the focus, and centre, are, respectively, 
in front of the lens, negative in the contrary case. 

The positive sign of u' will, then, correspond to an tfiuzguiary, 
or virtual^ focus ; and the negative i»ign, to a real focus. This it 
is important to the student to recollect, since the reverse has been 
the case in reflexion. 

It would hardly be useful to discuss the variations of formula 
(26), by changes in the quantities concerned in it, since we must 
consider, in refraction by lenses, the action of two surfaces. 
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(52.) Prop. XIV. To detcnnine the courae of a amaU pencil ofraut 
falling upon a lens; the radiant point of the pencu being in tnt 
axis of the Uns. 

fiff. E. 




Let £JR, as before, be the extreme ray of the pencil, EV iho 
axis of the pencil and of the lens, RM the ray refracted at the first 
surface, CR the radius of that surface, M the point in wliich RM 
meets the second surface, CM the radius of the second surface 
drawn to the point M, Producing- MR until it meets the axis, F 
is the virtual focus of rays refracted by the first surface. Since 
the refraction at jif is from a denser to a rarer medium, the ray 
is refracted from the perpendicular, taking the direction MN, which, 
prolonged until it interacts the axis, gives F' for the virtual focus 
of the pencil refracted by the lens. 

Keeping the notation of the last proposition £F=u, FFsau, 
CVss r, and the equation for refraction at the first surfiboe is, (26), 

^ L = ^""^ (26). 

u' u r 

The equation for the refraction at the second surfiice may be m. 
forred fi^m (26),' or may be obtained directly, by proceeding in the 
triangles FMC and F'MC\ as was done, in the last proposition, 
in ERC and FRC. Thus, 

FC _ sin FMQ ^^^ F^ _ sin FMC 

FM sin FCM ' * F'M sin F'CM ' 

and, by division, 

FC F'M _ sin FMC _ 1 

FM' F'C ^ BinF'MC " m ' 

Can FF, the thickness of the lens, t; F'V.v; CV,r ; then 

FV 8= m' 4- «i i^' = tt' + < — r', and F'C ='» — r'- Those 
ralues being substituted, in the equation just found, instead of FM^ 
F*M, &C., we have, 

!fltlZ^.-=-L. whence. 
u' ^ t V — r' IB 
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= TO . — X , or. 



X_il=m(l_-4-\; 

dhidiog by r', and collecting the terms, 

1 m 1 — m . 

III being greater than unity, the sign of the second member is 
really negative, and as it will be convenient to show this, we 
change the form of that member, and the equation becomes, 

_L — ^ = _ "* — ^ (27). 

This is the general equation between u\ v, r^, t, and m, which, 
combined with (26)) will determine v in terms of «, r, /, t, and m, 
aU of which are given quantities. 

(53.) If the Micibiess of the lens is so small that it may be 
negleeUdf equation (27) becomes, 

i- _ -!^ = _ il=J , but, from (26). 

V U T 

^ = -L J- ^LZZl , whence, 

u' u r 

J 1 m — 1 _ _ m — 1 ^ 

V u r f' 

^ L= (m~l) /JL-. 1 \ (28).' 

V u \ r r'/ 

Since — . represents the divergency, or oonvergeney, of the 
u 

hicident pencil, and — that o£ the refracted pencil, we deduce, 

V 

from (28), that the diff'ercnce of the vergenciea of the refracted and 
incident pencils is a constant quantity for the same lens. 

This formula applies to the different cases of the incident pencil 
and lens, as in the single surface (art. 51), if we consider the dis- 
tances of the radiant point, focus, and centre, positive when in 
front of the lens, and negative in the contrary case. The same 
jemark applies to the general equations (26) and (27). 

(54.) In most of the cases which occur in practice, the tluck. 

ness of the lens may be neglected, and, therefore, equation (28) is 

** applicable to them; in all cases this equation determines an ap. 

proximate value of the focal distance, to which a correction for tlie 

thickness of the lens may be, conveniently, applied. 
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(55.) To obtain this correction for thickneast expand .J!L — « 

u -f t 
in equation (27), into a series, by division, 

v' + t u' u'a u'3 ^ 

u' uf \u' u'^ ) 

If the thickness of the lens is not very great compared with th« 
distance of the point F, the powers of -_ , higher than the first* 
may be neglected, and we have, 

m m mt 

w'-f. « ~ "t? o^' 

Substituting this value for .*" In (27), it becomes, 

1 •** I *"* *" — ^ 

T 17" "^ l?a" "". ?~ * 1! 

or substituting for — its value from (26), 
tt 

1 1 m — 1 X ^ w» — 1 ^ 

by transposing and collecting the terms, 
J_=2-+(m_l)(J._ l\_J^ (39). 

in which we perceive the approximate value of iL given by 

equation (28), and a corxtciioin, !^ for the i&idbKM of the 

tt'* 
Jens. 

(56.) Pftop. XV« 7b deUrming the form of a mmU pencil tefraeUd 
by a iTM Jtttm, hounded by parotid pianee. 

For plane snr&oes, r and rC are infinite, whence — &ts o, and 
1 

Equation (28) becomes, # 

i L = a. or, JL= JL (30>. 

V tt p u ' 
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The rergency of the refracted pencil is the same with that of 
the inctdent pencil^ when the plate is indefinitely thin. 

(57.) Applying the correctioQ from equation (29), we obtiiiit 

Jl- = JL _ ^ 

V u u''^ 

M, firwn p6)^ by making — = o, 

i?.=:-l., whence. «'=mu; 

It' u 

Subatitnting this Talue of ti' in that last given, for — , 
^ - ^ 'or 



V U 



^a' 



± = jL(i_^\...;.(3i). 

9 u \ ma f 

Eqaation (31) contains the theory of refracting plates of eon- 
■iderablfD- thickness. 

(58.) If the incident rays are parallel, s= o, and JL. ss «» 

u V 

or, V = 00, or parallel rays are unchanged by the refinctkm (fig. 
23, p. 36i text) 

(591.) The value of — fi>r diverging rays, given by (31), is poal- 

t) 

tivct zero, or negative, according as we have 

I > -L, 1 = ^ 1 < -i-t that is, 
mu mu mu 

tM t < mu, t = mu, t > mu, in which m is greater than unity. 
For ordinary cases of relatbn between u, and i, (t < mu) — ia 

positive, and therefbre the focus imaginary, or the rays still diverge 
after refraction. As u is nasasured from the first surfiice, and v 
from the second, the effect o£ refraction in bringing the object 
naarer to»or removing it fiurther &om the plate, is not expressed by 
the relation of « and u, but b^ that of o — t, and k. To ascertain 
the efiTect of refiraction in this point of view,^ we take the value of 
V in (31X oif 

* t,^ «^' ; 

mu — I 
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this, by dividing and neglecting the powera of t above the fiz«t» 
gives 

e s u 4. J-t whence 



•*"" + *(i-0 ^*^- 



In which since m > 1, — < 1, and 1 is subtractive^ 

ni ifi 

or, o — ( < « ; the point of ^vergence, therefore, is bvonght 

** * / 1\ 
nearer the first sur&ce by the distance, til !• 

* 3 11 

In a glass plate, m = — , and 1 =. = Ji. The pcunt of 

divergence is, therefore, brought nearer the first suxfiioe by one 
third the thickness of the plate. 

For water, m sa -«- » and 1 « -,- • 

3 m 4 

(60.) If the incident rays eanterge, u is negative, whenoe 
from (31), 

— = - J- A+ J-\ (33), 

in which — is ahvays negative, and, therefiire, the rays still eon* 

V 

verge. 
Proceeding to find the value of o — t, as befive, we have 

r-« = --(u4.<(l-.I.)).....(34.) 

fi-om which it appears that the focus is &rther firom the first sorfaoe 

than the imaginary radiant pouit, by the distance til— — Y 

Hie reverse of the result fyr diverging rays. 

(61.) Prop. XVI. 7b determine the form of a tmaU pencQ of ray 
refracted hy a douUe convex len$. 

We will first consider the case in which the thickness of the 
lens may be neglected. To this, equation (S8) will be adapted by 
D 
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making r, the radint of the fint snrfiioe, negative, since its oeatro 
is turned from incident light This gives 

since — represents the vergency of the refracted penci], and — 

that of the incident pencil, and is negative, f}i,r,r', being 

V u 

constant, for tlie same lens, we infer that the divergency destroyed^ 

w eanvergency produeedf by this len$^ is a ctnutant quatUUy. 

(GSL) Fox parallel rays, — = o, and 

T (•»- ^Kt+T-) '■^ 

In the refiracting naedia of which lenses ale made, m > 1, and 

this vahw of — b negative : hence the focoB lies behind'the lens, 

and is real. Fcr the distance of the principal fi)cus we have bj 
taking the value of v from (36), 

— i;iT-TT7 (^- ■ 

3 1 
If the lens is of glass, m s= -^ , and — • r- sss 2, whence, 

Srt' 



' — T+y- 

corre s ponding to the rule given in the text (page 43). 
If the glass is dqtiall j convex, r s= /, and 

. -§7 •-• 

The principal ibcal distance is equal to the radius of the sur&ces 
of the lens. 

(63.) The principal focal distance may serve as a convenient 
term of comparison for the focal distances of diverging and con- 
verging rays. Denoting it hyf, we have the value of/ given by 

(37), and of — - by (36), subsUtuting in (35) ~ for its equal ; and 

transposing, we have, 

III 

T-T"7 ^^- 
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(64.) Diverging rays. Equation (38) applies to this case. 
From that equation it appears that for the same lens, the 
vergenc/ of Uie refracted rays I — \ is less th<y[i the diverg^ency 

of the incident rajs I — 1 by a constant quantity |_ \ de. 

pending upon the index of refraction of the material of the lens, 
and upon the curvature of its surfaces. 

If tt >/ {fig, 29, p. 43), -L < -L , and -L is negative, or 

u J V 

the ra^s are brought to a focus. The reciprocal of the focal dis- 
tance IS, from (38), 



» \f u) 



Since <;; — , — < — , or e > /, and the focus 

f u f V f 

is fiirther ficm the lens than the principal focus. As tlie radiant 

point approaches the lens, — increases, and, of course, — , or 

u V 

, diminishes, or v increases : that is, as the radiant point 

/ « 

approaches the lens, the focus reeedes, and vice versa. 

— Sf. Tiie focus is as far from the lens as the radiant point 

If the rays proceed from a point as for from the lens as the prin- 
cipal focus (as from CX, fig. 29.), us/, and — = o; the re- 

fracted rays are parallel 
The radiant point being still supposed to approach the lens, we 

have u </, or — >-jr» 7-fO' — i" then positive, 

u f u f V 

and the rays are no longer brought to a focus. 

(65.) £>]uation (35) wiO give . the value of the focal distance for 

diverging rays : to determine this, transpose — and bring the 

terms on the right-hand side of the equation to a common denomi- 
nator, whence, 

J_ _ >y— tt(m — l)(r-f-fO ^ ^^ 
V urr' 
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* rr'— tt(i» — l)(r + O' 
or changing the sign to correspond to a real fixnis, to which we 
liaye fbund the rajs to be brought as long as ti > /, 

toy 

*— tt(m — l)(r + O — r/' 

3 1 

TcirtLgla$$ lens, « = — - , and tn — 1 = _-- ; whence, 

^""^ .(40). 



« (r 4- O — 2r»^ 



Hiis Talne oft) ^ves the rule fimnd in art. 45, of the text The 
mrithnoetical operation there directed is changed for the sub^action 

of tt (r -I- O from ^rt^t when Sir' > ti (r + O, or « < - , 

or ti </; the algebraic expression shows by its change of sign, in 
that case, that the. fi>cus is imaginary. 

If r a r', or the lens is eqpully convex, UK) beoomes 

2ura 



2ur — Sr^ 



f OTt 



u — r 
agreeing with the rule just referred to. 

(66.) For converging rays fidling upon a double convex lens, we 
make — , in equations (35) and (38), negative, whence, 

a.=_[-L+(.-i)(i+ J,)] (411 «- 

-i-=-(4- + f) <«>• 

The sign of — being always negative, whatever be the rela. 
Hon of tt and /, the focus is always real Since J- — 1 JL >. 

1 " ^ 

. , the convergency of the rays is increased by refraction. 
u * 

3 
Taking the value of v from (41), and making, in it, m = — - , 

as was done in the ease of diverging rays in the last article, wo 
find for a glass lens. 
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For a glaaa lens equally convex^ we have, 

c = --!^ (44). 

u + r 

These values £)r the focal distance give the rules on p. 44, of the 
text 

(67). In what precedes, we have neglected the thickness of the 
lens, and next proceed to show how a correction, for the effect of 
the thickness, may be introduced, 

Prop. XVII. 7h show the method of applying, to the approximate 
focal length found for a double convex tens, a correction for the 
effect of the thickness. 

As an example, let us take the case of parallel rays falling upon 
the lens. Equation (29) is applied to this case by mitlring r nega- 
tive, whence, 

4-=-i._,^:,(^+^)_- («, 

And for parallel rays, for which -L = o, 

u 

I. = _(._X)(i.+ i,)_- (46). 

Equation (36) adapted to the case of a convex surface, gives, 

^ — 1 m — 1 

u' u r 

and for parallel rays, 

m m -^ 1 , 

— -. =: , whence, 

m' r 

m __ (m — l)g 

u'2 mr- 

Substituting tliis value of ^ in (46), wc have, 

..-..(i'H--!.). 

.(47). 



_1^ _ _ jt im-^l)H 

V f mr'^ 

To determine from this equation the correction tc be apj^d to 
the focal length, v, we reduce the terms of the seccCjd member to 
a common denominator, whence, 
D2 
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1 _ mri 




+ (m-l)Vi 
mry 


and 






''- mr^ 


+ (« - i)vr 






(m-l)V^« 


mry 




+ / = 


T 


mr» + (m — 


1)V» 



mr^ + (m — I)*/* 
Dmding, and neglecting the terms containing powers of t 
liigher than the first, 

.+/=(!l=l^....;(48). 
mr 

the oorrection which is to he applied to the focal distance obtained 
%7 equation (37). 

When the lens is eqiMifmex and (^ ^^om* we find (art 63) that 
/ SB — r, to which a correctiop, 

is to be applied. The sign of the correction is contrary to that 
t»f the local distance, and the effect is therefore subtractive. The 
corrected focal length is 

» = — »• + *<. 
(68.) The method which has just been shown gives, at last, 
only an approximate value of the focal distance, which, however, 
is sufficiently accurate for all cases in which the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness* is too considerable to use 
the method of correction already exhibited. 

(69.) Paop. XVIII.' To find the focal length of a sphere for 
parallel rayn. 
The suppositioB that the rays are parallel simplifies the question, 

without deducting much fiom its utility. Since — s= o, equations 

(26) and (27) become, by making r negative, 

^ ffi — 1 ,._^ 

. (49), and 



u r 

1 m m — I 



.(50). 



For tlie sphere tsaZr^r^r^; and (50) gives 

\ tn tn — — 1 , . >, - ^A% 

— = -; = , but fi:om<49), 

9 4t' -f- 2r r ' ^ ^ 
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. mr 



, whence 
tt' 4- 2r = 2r *"" 



mr ilmr — 2r — mr 



TO— 1 m— 1 

m — 1 m — 1 

Substituting this value of u' 4. 2r in (50), 

1 _ m{m — 1) m — 1 
t, ~ r (m — 2) — — ior 

JL_ _ m (m— 1) -^ (m — 1) (m— 2) __ (m — 1) (in — m -f 2)^ 
V r(m — 2) r(m — 2) 

and 

1 2(»i — 1) , 

* — = —, sr» whence 

* V r{m — 2) 

^^ r(m-2) 
2(m — 1)' 

The value just found is the distance of the focus from the second 
sur&ce ; call / the distance from the centre, then 

or, bringing- to a common denominator and reducing, 

f = ~Yi^ <^^)- 

The rule on page 40 of the text, is given by the value of/ just 
found. 

If the refracting sphere be of to&asAeer,m s= 1.11145, and/a= — 5r, 
of course FQ (fig. 26, text,) := — - 4r. If the sphere be of water, 
m c= 1.3358 and/ = — 2r nearly, or FQ (fig. 26) = — r. For a 
sphere of glass, m =b: 1.5, f aa — IJr, and FQ bb — Jr. For a 
sphere of ziroon, m ss 2, / a — r, and FQ as 0. 

(70.) Returning to the discussion of the fbrmula fi)r the refracted 
pencil when the tens is indefinitely thin, we take up the case next 
in order. 

Prop. XIX. 7b determine the form of a tmall pencil after re- 
fraction by a ptano-convex lens. 

As in other discussions, the refractive power of the substance 
of the lens is assumed to exceed that of the medium traversed by 
the incident pencil, or m > 1. 

The question obviously includes two cases; in the one, the 
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idane lide k turned towards incident light, in the other the curved 
side is thus directed. 

(71.) First: when the plane tide is turned to incident rays, 

— =0, whence from (28), 

T-T—'^ (^- 

From this we infer, that the divergency deetroyed, or eonvergency 
produced^ by this lenSf ts a constant quantity^ as in the double 
convex lens (art 61), but the effect is less than in that lens by 

tn — 1 

, the power of the first surface ; it is not necessary, there- 
fore, to carry put the discussion of the properties of this lens. There 
will be no correction for thickness, for parallel rays, no refraction 
being produced by the first surface. This is shown by the analysis, 

the term -^ (in 29) vanishing, since fi»m (26), --7 = 0. 

The principal focal distance given by making — = in (52), 
and inverting, is 

For a glass lens, 

(72.) Second : wlien the convex side is turned to incident light, 

--J = 0, and r is negative ; from (26), 

1 1 m — 1 ,.^ 

— = (53). 

i> tt r 

The eflfect is, as in the first case, to destroy divergency in the 
incident pencil, or to produce^ or increase^ eonvergency; and if we 
suppose r =s r' , that is, the same lens to be used m both cases, the 
cfi^ct produced is the same. 

For the principal focal distance. 






and for a glass lens, 

/==— 2r. 

(73.) The thickness of the lens produces in this case an efibct 
on the prindpal focal length, since the rays xefiracted by the first 
surfiice fiUl obliquely upon the second. 
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To introdoee the correction into the value of the principal focal 
iistance, we recur to equations (26) and (27) ; making, m these, 

r negative, --^ as o, arid — %s (^ we obtain, 

"* '^""^ ..(54), 



W r 

1 m 



The value of «' fixxm (54), is 

, mr 



.(55). 

>, and 



~' + ' = -S^l+*---(;;r^-i>butfrom(55). 
tt' + t 

' — ^' 

and sttlMrtituting for u' + < the value just found, 
'' +4: (56). 



m — 1 
The correction, thwefore, shortens the approximate focal length of 

the lens by — th part of its thickness ; if the lens be of glass, 

t» = — 2r -f |«, or, 
» = — (2r — ft). 

(74.) Prop. XX. 7b determine the form of a small pencil, after 
refraction by a double concave len$. 

In this form the radius of the first surfoce is positive, that of the 
second negative. When the thickness of the lens may be neglect- 
ed, we have firom (28), 

T-T=/'»-^>(t + 7) <^>' ' 

and where an approximate value of the thickness may be used, 
from (29,) 

1 1 / IX / 1 . 1 \ »»* /RON 

----- = («-l)(-+y)-j7i (58). 

in which u' is determined from equation (26), or 

i!;.=A+;!izrl (S9^ 
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(75.) When the incident rays are parallel, (fig. 31, p. 44, text,) 
(57) gives 

or calling / the principal focal distance, and determining it from 
the equation just given, 

f i !lL_ (60). 

•^-(m-1) (r + O 

This value being positive, the focus is imaginary, and at a distance 
expressed by the product of the radii divided by the index of 
refraction, less one, into the sura of the radii. The rule cor- 
responds to that for a double convex lens; in feet, equations (60) 
and (37), differ only in their sign. 

(76.) Diverging rays. In this case — is positive, and, there- 

fore, as long as m > 1, the value of ©, from equation (57), will 
always be positive and the focus imaginary ; since 

^=4+(„_l)(±+^).....(57). 

h appears that — > — , or the divergency of the rays u increas- 

V u 

ed by the refraction, (fig. 32, text.) 
In a glass lens, 



2ttr/ 

whence the rule on page 45 of the text 
(77.) When the rays converge, — is negative, and (57) becomes 

4- = _I.+(»-l)(± + -^) (61). 

The pencil still converges, is rendered parallel, or diverges, ac- 
cording to the relation between — and (wi — 1) f \- -p-X or 

its equal -?- . If — < -?- or u > /, — is positive, and the 

rays still converge ; if — =z —z- ,ot u z=z f, — = o, and the 
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refracted rays are parallel; if — > -7-, or « </, — is nega- 

U J V 

tive, and the rays are brought to a ftcus. This real focus is as far 
behind the lens, as the virtual focus of parallel rays is in front of 

it,iftt = -^,or— = y;farthen — ~4-y-=:— y, 

and V ss — /: the distance exceeds that just named if u > -^, 

u«u 1 2. 1,1 1 

when we shall have — < -r- and U -t-< -r% «f 

u / ^ f f 

— < — -— and f» > — / : the reverse will of coarse be true if 

I^ as was first supposed, u > / or — <--^ though the rays 

still converge after refraction, they converge less than before it, for 
1.1 1 

We shall not introduce the correction for thickness, as it would 
be determined by the same method with that for the double convex 
lens. Practically the thickness of double concave lenses is of little 
importance, since it is least at the central parts. 

(78.) Prop. XXI. 7b determine the form cfa small pencil ofraye^ 
after refraction by a plano-eoncave lens. 

First When the concave side is turned to incident rays, JL em 

0, and r is positive ; equation (28) gives 

±-±.^f^ (62). 

V u r 

The divergency produced by this lens is, therefore, less than 

- that produced by a double concave lens, by ^^ ' , the effect of 

r 
the second surfiice. 
Second. When the flane side is towards incident light Then 

— = 0, and r' is negative, whence, 

JS_ i- = <!1L=I> (63). 

V u r ^ 

agreeing with the expression found above, if the lens is the same 
in each case, or r ass /. 
(79.) The next form to be considered is the meniscus. 
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Prop. XXIL 7b determine the farm ef a small peneU of light after 
refraction hy a meniecue* 

When tile eenoex side of the BseDisoiis k turned towards incL> 
dent ]%ht, the signs of both r and / are n^jfative. The general 
formola (28) gives 

i_i=_<._„(i_j.) <«. 

in which, by the nature of this lens, r' > r, or _- <; — . 

From this rdation of jL and _ it follows, that L- 

r r r r 

is a positive quantity, and therefiire the sign c^the right hand side 
of this equation is negative. The equation corresponds to that for 
the doable convex lens (35), but the divergency destroyed by the me- 

nisous is (m — 1) f J: -j.\ , while that by the doable convex 

lens was (m — 1) f f. — ^\ ^ 7%e power of the menieeua 

is the difference between the powero of 0$ two ourfaces. 

(80.) When the concavity of the meniscus is turned to incident 

tight, r and r^ are positive, and r > r^, or — ^ — • 

r r 

Equation (28) applies directly to this case, and 

4._i.= _(„_,)(J,_J_) (65^ 

Since _ < _. , JL .^ _ is a positive quantity, henoe ^ 
r r r r 9 

.^ — is negative. £qiifttianfl (65) and (jU) are J d e ii t i c al, the 
It 

snrfiuie whidi first received the incident rays in the case of (64)» 
being now the second surface. 

(81.) For the fbens of pardtlet rays, we have, ftom (64% 

f^^-J——^ (66). 

m — 1 p — r 

(82.) The fermulsB just found for the meniscus apply to the eoi»- 
oavo^onoex lens, recollecting that when the convexity is tamed to 
incident light r> r^, and tlM reverse, t" > r^ when the oonoKfity 

is thus turned 
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For the first of these cases we have (64), 

J-_l-=_(„_l)(^_J,) (64). 

which, since < —j. , will be mwe expresiive U* written 

4-_i=c.-i,(-L-l) <e^ 

The second member of this equation is positive, and by referring 
to the case of the double concave lens (art 74), we shall find that 
the convergency destroyed by the concavo-convex lens is the dijf&r* 
ence of the effects of its two surfaces, while in the double concave 
lens it was tiie sum of the same efiects. 

It is obvious that turning the concave side of this lens to inci- 
dent liffht does not alter the effect of the lens, as was shown in the 
case of the meniscus. 

The virtual focal length of the concavo-convex lens for parallel 
rays, when the convex side of the lens is turned to the mcident 
pencil, is 

m — 1 r — r 

(83). For two spherical surfaces of the same curvature^ we have 
r 8= r', and (28) gives 

JL — i = 0. 

V tt 

The effect is that of p. plane glass. 



£ 
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CHAP. IV. • 

FOKMATIOir OF IMAOES BT REFRACTIOlf . 

(84.) The subject of the formation of images by lenses becomes 
simple, by introducing the consideration of the ray which passes 
through the two suruoes of the lens, at points where the tangents 
ire poralld. 

Fliop. XXIII. AU the nr«f tekieh miffer no deviation by refractiort^ 
by a lent^ jpau through a oingle point. 

Fig.F. 




In the fiffure, let RL be a ray, refracted Ir^ the first sur&ce of 
the lens MN into LL\ and finally emerging in the direction L'R, 
parallel to RL. Produce LL' until it intersects the axis of the lens 
in O. Since, by hypothesis, the tangents at the points L and L' 
are parallel, the radii CL .and (TL* are also parallel, and the tri- 
angles COL and COL' are similar. Whence, 

CO : CO t: CL' : CL, or, 

CO = CO . ^ , and 
CL 

CCz=.CO — CO^CO. /^ _ l) . 

Calling CL s r, CL' «s /, the thickness of the lens a t, and 
CO s tt , we have 

CO«CP— CP^Cr— Fr—CF=r' — « — r, and 
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^ tt'=r — t.-JL. (69). 

r — r 

Thia valae of CO is made up of quantities, constant for the 
same lens ; from which we infer, that all the rays which experience 
no devioHon in passing through a lens, toouldf ij produced after the 
Jirst refraction, meet in a single point in the axis of the lens. 

This point is called the centre of the lens. 

(85i.) The distance of the centre of a lens from the vertex of the 
first surface is found, readily, from equation (69) ; for, since VO = 
CV — bo = r — tt', we have, by taking the value of u' from 
(69) a^d calling r — u\ x, 

xzz.r-'u'^t. ^-L- (70). 

r — r 

The distance from the centre of a lens to the vertex of its first 
surface, is equal to the thickness of the lens, multiplied by the ra» 
dius of that surface, and divided by the difference of the radii of 
the two surfiices. 

In the doable convex lens, r is negative and r' positive, whence, 

r' + r 
The sign of (x) VO shows that, in this case, it lies on the right- 

hand side of the vertex. Since — L — is a fraction, 9 < t, the 
r'^r 

eentrt is therefore between the two surfiuMS. 
In the equiconvex lens r^ ^ r, and 

x = ^±. 
2 

The centre is midway between the vertices. It is fh>m tills cir- 
cumstance that the point, which we have defined, derives its name. 
The same remarks apply to the double concaveflens, since for that 
lens r is positi/e and r^ negative, whence, 

r' + r 
the same expression which we have above. 

(86.) To use the position of the centre of the lens, in de- 
termining the image formed by an object, we observe, that one 
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ray of the pencil, which proceeds from every point of the 
object to the lens, passes throug^h this centre. This ray is called 
the principal ray or axis of the pencil, and when the lens is thin 
may be regarded as suffering no refraction. It does not fall per- 
pendicularly, nor nearly so, upon the surface which it meets, and, 
* therefore, in strictness, the refinction of an oblique pencil should 
be investigated and applied to this case. Approximate result^Inay, 
however, be obtained, by taking the fix»d distance already deter- 
mined finr a direct pencil ; this distance being found, for the pencil 
proceeding from each point of the object, we have a series of points, 
the assemblage of which constitutes the image. An applicatioa 
of this metbwl is given in the following proposition. 

(87.) Prop. XXIV. The object, of which the image hy a convex lens 
ts required, it a plane perpendicular to ihe axit tfthe lent. 

ffg.Q. 




Let AB represent a section of the object, MM that of a double 
convex lens, PC a line drawn from any point in the object through 
the centre, C, of the lens ; this line may be regarded as the axis 
of a pencil of rays proceeding from P, and may, &rther, be con- 
sidered to suffer no refraction. Call a ihe distance DC; u, PC; 
and the angle DCP: we have from the triangle DCP^ 

a s tt . cos , whence 

1 _COS0 

bat from equation (38), article 63, 

— =-i i-.....(38), 

V u f ^ " 

or sobstitoting for — its valne just fi>nnd, 

^ = ^"-7 <"^- 

The polar equation of a come teetion referred to the fbeuB. 
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From this eqiiation, in&renceB mi^ht be drawn similar to those, 
fbumd in the chapter on the formation of images by mirrors. 

(88.) When the object auUends a tmaU angU^ we may consider 
its section as a circular arc ; the image will bd, also, a circular arc, 
since if u is constant (38), v'will be so ; and the arcs will, evidently, 
be similar. If the distance of the object and image, respectively, 
flrom the centre of the lens, be called a and v, their magidtudes 
d and d\ we shall have 

6 being assumed very small, equation (71) gives, making cos ■■ 1, 
1 /—a 

V af 

/—a 
this value of v substituted in (72), gives 

T=7^ (^- 

As long as a > /, j^ — a is negative, and the image is real To 
show the results of this case more clearly, put equation (73) under 
the form 



If a > 2f , fl — /> / and ~ is a fraction, or the image is less 



d ~ a—/ 

than the object 
When a s 2/, — B 1, the image is equal to the object 

For a < 2/, a — f <f% and the image is larger than the 
object 

The object still approaching the lens when assf^ -j- as oo , 

and~no image is formed. 
Next, ]£a <,f^ equation (73) gives for 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object It is greater than tiie object until 
/ — as=/, oraa=o, that is, until the object touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the object and image are on the same side of the lens, 
or the image is virtual, the latter is erect ; when on different sides, 
£2 



54 fm MA6xiffn?ro powbk. afpevdiz. 

it Jb inverted, llie sign of -^ , therefore, determines whether the 

lowge win be erect or inverted with respect to the object, the posi- 
tive sign corresponding to an erect image, the negative to an 
inverted one. 

(89.) For the dou^ concave leM from (57), article 76, 
1 1-1 

© u * f 

Whence we derive, by Mowing the same process as fiir the con 
vex lens, 

1 cos© .1 , 

df f 



d /+a' 

an expression which is always positive, and a fraction : hence the 
image formed by a concave lens is oii the same side df the lens 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, and lens; 
the remarks made in the chapter on the formation of images by 
mirrors, (Chap. II., art 37,) apply equally to this case. 

(90.) Having fomid an expression for the ratio of the linear 
magmtades of an object and its image formed by a double convex 
lens, if we would view this image at the distance of distinct vision, 
(pp. 48 and 49, text,) the apparent magnitude will be increased, 
in the ratio of the distance of the object from the eye, to the limit 
of distinct vision. Let i^ express the former distance, i the latter, 
the magnifying power of a convex lens used as above described, 
will be expressed by 

where / is the focal length, and a the distance of the object Gnm 
the lens. 
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CHAP. V. 

SPHERICAL ABERRATION OF MIRRORS AND LENSES. 

(91.) In the text, pages 57 and 58, the fact is stated that the ra^ 
which fall upon a spherical mirror, at a distance firom the axis, 
are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figure, in which LM, LM are the 
extreme rays of a pencil diverging Srom L, and F' is the point on 
the axis at which the inflected rays MF', MF' meet ; LM', LM' 
are two rays meetinsf the mirror near to its vertex Z>, the focus of 
the reflected rajs M'F and M'F being at F. 



FF* is the aberration in length, or hngitvdinaL abemUion, of 
the reflected pencil, and if &o^ F a perpendicular to the axis be 
drawn meeting the reflected ray Jlf^ in i^ FJ will be half the 
aberration in breadth, or lateral aberration of the same pencil. 

(92.) Prop. XXV. 7b determine ike aherroHon of a pencil of rayo 
reflected by a spherical mirror. 

First : To find the amount of the Zon^uiftiiaf aberration. 

With the centre L and radius LM describe an arc cutting the 
axis of the mirror in E, According to the usual notation LD xs ii, 
CD ==r; to distinguish between DF\ and DF, call DF' = t/ 
and DF r=^ o, and let MN = y, the semi-breadth of the portion of 
the mirror occupied by the pencil 

The relation of the segments CF and LC to the tides JPJIf and 
LM in the triangle LMJr, gives (as in Prop. I.), 

FC _ LC 

rM LM 



LE : 
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But LM^LE^LD — ED, and EDr^ND-^NE, w, 
since ND is the vened sine of the arc MD to the radius CI>, 

for the same reason NE = ^7^ < or, usug for UMT its approxi. 

mate vahie X>P, 

JV!E z= JL , whence, 

£i> = l!.(J-_JL\.««i 

= -^(f-^)' 

Taking the redprocal of this value of LE^ and neglecting the 
terms containing the powers of the sine, y, divided by the diameter 

2«, after i!_ we have, 

ZJlf ifi «L^2i*Vr I. /J 

By a similar mode of proceeding, using the versed sines NH 
and ND, mstead of ND and NE, we should obtain 

But F^C = r — 1/, and LC ^ki — r ; and substituting the 
values of F'C, F'M^ I>C and LM in the ratio found in the be- 
ginning of t-hifl article, 

1/ L 2»' V e' r /J 

= ^['^^(-f-4r)]- 

Dividing by r and performing the multiplications by the quanti. 
ties outside of the vinculum, in each member of the equation just 
finmd, 

J L^vLIJl ^ \'— 

t/ r 2t)' V tK ■" T"/ "" 

= i— L+|L(J— XV (75). 

r « 2tt \ r tt / 



its approximate value, derived from equation (1), art (7), namely 

J 1__ 1 1^ 

V r r u 
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We have tlius a general relation betiyeen v' and u in terms of 
the radius and semi-aperture of the mirror. 

(93.) If m (75) we use for -1 L , in the multiplier of J!!^ , 

W r ^ 2o' 

ation (1), art 
. , we obtain 

J L _ l! /i L\^= 

I tK r 3d' V r tt / 

rf r " r IT ^ 2 VlT ^ V AT" " W ' 
farther, by vaing fiw / ^ -—-J the value given by (X), 

— 4- J-= — , 

© tt r ' 

and substituting this in th6 equation last fiiund, 

i,_2.= J__JL+J^(J__i-\%ar. 

V r r u r \ r . u / 

j^=j._j_ + jii(_L_±.y (76). 

V r u r \ r u / 

In this equation, which gives the value of — j. , corresponding 

V 

to a point of incidence distant ^m the vertex, we find the recip- 
jrocal of the a|^rozimate fbcdX length, obtained when the rays were 

Q 

supposed to meet the mirror near the vertex, namely, 

_ , and a correction for aberration. This correction contains 
u 

JL- , a quantity proportional to the versed sine of the semi-angle 

of the pencil, and therefore depending upon this angle, or the semi, 
aperture of the mirror ; and also r, and u, the radius of the mirror 
and distance of the radiant point If these latter quantities are 
constant, the aberration is a iimction of the semiraperlure of the 
mirror. The correction .for aberration is additive, showing that 
the redprooal of the focal length, for rays distant from the vertex, 
is^reater than the reciprocal focal length of those near the vertex, 
•or that the point F* is nearer to the mirror than F* 
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(94) For parallel rays — = o, and from equadon (76), 
u 



, whence, 




perfi>nnin|r the division, and neglecting the powers of y higher 
than the second. 

The eorreetion for aberration is, therefore, — 4" » ^ — "^^^^ 

'VT oj 

tubtraetivet and equal to the square of the semuaperture of the 
mirror divided by eight times the principal focal length. 

(95.) SaooRD : To find the lateral aberration of the extreme ray. 

The valne of F/, which measures the lateral aberration of the 
extreme ray, may be obtained as fi>Uows. In the similar triangles 
F'FIvnAF'MN, 

Il^J!£L,nMFJ=FF.M.. 
FF FN FN 

To i^roximate to the ratio •— — . > F'D may be taken instead of 

F'N, and the valne of tiie aberration is 

FI^FF'..^ OS). 

in which all the terms are known when FF has been determioed. 

(96.) We propose in this article to determine the position and 
magnitude of the physical focus of a mirror, or of the circle which 
includes all the rajrs of a reflected pencil, when they are spread, 
over the least space. 

Paop. XXVL To determine the posiiian and magnitude cf (he cir- 
cle of least aberration, in a pencil of rays refiseted by a concavs 
mirror. 

In the figure let LM be the extreme ray of a pencil, incident 
upon the mirror, MF' the corresponding reflected ray, F the fecus 
of rays very near the vertex. Farther, let LP be any incident 
ray, m the lower portion of the pencil ; PR the corresponding re- 
fleeted ray intersecting MF' produced in c : draw cb perpendicular 
to the axis, fix>m the point c. If we suppose the arc DP yery small, 
the reflected ray PR will coincide very nearly with the axis, and 
the- distance cb will be indefinitely small ; as the arc DP incieasei^ 
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the reflected rays bein^ removed further from the axis, cb^ at first, 
increases-; it afterwards diminishes as the point of intersection of 
PR with the axis approaches to F', and.when DP = DM, PR 
coincides with PF\ and eb vanishes. Between the case, then, in 
which DP is very small and DP = DM, there is a position of 
the incident ray LP, for which the reflected ray PR gives a maxi- 
mum value for ch When c2» is a maximum, all the rays of the 




reflected pencil pass through the circle of which that line is the 
radius, which is, thus, the physical focus of the mirror. The 
question resolves itself into determining the values of F'b and e6 
when the latter is a maximum. 

Call MN; y; PT, r/ ; JDF, v ; DF', »' ; FF\ the longitudinal 
aberration, a ; F'b = x; be = x. Since (art. 93) the aberration 
of a ray is proportional to the square of the distance of its point 
of incidence, from the axis of the mirror, 

FR iFF'ii Pya ; MN^ : : y'a : y^ , or 

FF' — fK ! FF' :: ya — y'3 : ya , whence 

FR^i 



y'-y'* 



But flrom the limilar triangles F'&c and FJW , 
be.bPiiMNiFN.ia 

bc^bF.—. 

And finm the similar triangles Rbc and RTP * 
RbibciiRT: TP.or 

Rb^bc.^i 
TP 

substituting for be in this expression the value found above, 
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Rb s=a W^ . • , 

and bj the notatum. 

If we iffntti i uM le, by canMeanng RT and JF^JITto be equal* 
J2fr ss X . -^ , and 

Rpmtiny fJug yaloe of JF'jR with the one befiire f<nind« 

..y+y:_..y'-y". whence 



; SB a • — -- • ?■ t <» 

y^ y + y' 



» = «-^(y-yO (79)'. 

Aa we have aapposed the ray 2Jlf to remain fixed, and LP to take 
d ifltocnt po«tione» and have finind, 

. = 5c = 6F._. 

k (or ir) will be a maximum when hF' (or jr) is a mazimom ; boC 
flom (79), X ia a maximum, since a and y are oonstant, when 
^ (y .. y^ is a maximum, or when 

y'(y— yO = y'^o^ 

In that case, from (79), 

* = -|?!^=-4- (80), and. 

If a perpendicuiar, FJ, be drawn from the focua F, of rays in- 
cident near the vertex, to the axis, meeting the extreme ray Jiff 
in i; by article (95), 

MN _ FI 

FN FF'' 

whence the value of ^r, or __ . ■ , ^ , becomes 
4 F'N 

*='J^ (81). 
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From these values, (80) and (81), of x and z, it appears, that Me 
distance of the circle of least aberration, from tJie focus of rays 
near the vertex, is three fourths of the longitudinal alierration of the 
extreme ray, and that the radius of the same circle is one fourth 
of the lateral aberration of the extreme ray. 

Spherical Aberration of Lenses, 

(97.) In this investigation we begin by determining the aberra^ 
tion produced by a single surface. We shall assume the light to 
pass £rom a rarer into a denser medium, as when it enters a lens 
through its first sur&ce. . 

Prop. XXVII. To determine the aberration produced hy a single 
refracting surface. 




Let the ray RL fall upon the spherical surface LF at any point 
L, and be refracted into the direction LM, Continue LM until it 
intersects the axis of the surface, at F, Draw the radius CL, 
Call m the ratio of the sine of incidence to that of refraction, in 
the passage of the ray IStom the rarer to the denser medium, the 
sine of refraction being unity ; then, by proceeding as in article 
(50), Chap. III., we find 

RC ^ FC 
-RL='^-FL' 

From the centres R and F with the radii RL and FL, respec 
tively, describe the arcs US and LT cutting the axis in iS^ and T; 
8V will be the di^erence between RV and jRZr, and TV that 
between FV and FL If the perpendiqular LN be let fall, firom 
Aupontheaxisi2V;5'r=iVr— iVS; and TV^NV^NT, 
As in t}ie notation of Chap. III., let RV=^ u, FF= u\ CVz= r; 
and call LN,y, NS is the versed sine of the arc LS, NT of LT, 
and NV<^ JLV; and if for the chord of each of those arcs we 
substitute, a» an approximate value, the sine, we have 
F 
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«s = 


SRL 


NT = 


WL' 


NV = 


y» 



or ralwtitatiiMr fi>r RL and JFX, the ^ipnndmate Ytiaea RVand 
FV, 

AS=^. NT=^, 2VF = -|L, whence. 
2 \r tt/ 

From these Talnee otSVmATVwe obtain, 

RL = JKF — fi-F = tt — ^l^J LVand 

2 \ r tt / 

FL = i'F— arF=:tf'_Jfl/-L— i-V 

2 Vr tt'/ 

Taking the reciprocals of RL and FZ«, that is dividing* unity by 
the values just found for those lines, and neglecting the terms which 
involve the quotients of the powers of y^ by those of «, after the 

first term, / ^ ^ \ , we have 

J-= ± fl -4- ± /-L_±\ 111 
RL ttL»Vr tt/2j' 

From the fi^e we have RC = UF— CFsa u — r, and 
FC SIS FF — VVss tt' — r, and the equation for the relati<m of 
RC, RL, FC and FL, becomes 

-['+4(^-4-)fl= 



brming the divisions by u and u', indicated by the ti 
lation, and dividing both sides of the equation by r, 

(4— r)[' + 4(T-v)fl = 
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="(-!— r)D+4(T-7)fl- 

performing the multiplicatiomr required by the expreasious, 

i ±+1.(2 LV^= * 

r u u \ r u/2 

[v(i-v)-4-(^-fn «*' 

In this valne of J^ , the first two terms correspond to tho 
u 

▼alue fbond, (26) art 50, on the supposition that the pencil is 
■mall, and the third contains the correction for the aberration, pro- 
duced by the single spherical surfiioe. 

(98.)^ The expression iust found, may be simplified by substi- 
tuting in the terms of the second member fi>r u\ its approximate 
Tftlue firom equation (26), art 50. From that equation 

^ = -L + (m — 1) -L , whence, 

u' u r 

i-= ±(JL+(iii-l)i.\,and 
a' m \ tt , r / 

JL _ J, = JL _ JL /± + («-i) ±\ 

r u r m \ u r / 

r tt' m \ r u / 

\r u'f m^\r u) 

In order to reduce, with greater convenience, the coefficient of 
jL^ in (82) to its simplest form, call that coefficient A:, then sub- 

stituting in it the approximate values of — -. and I ^1 , 

just obtained, we have, 

*^(J.+(«.-i)J.).J,(i._i-)' 

'_i.(J__J.)'.or. 



or, 
and 
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' = (T-^)"(f-^)-^' 

whence (82) becomes 

«' " T **" xT "*" m^ 

•(f-=±i)(^-T)'4 <^ 

(99.) When the surface is convex, r is negative, and (83) takes 
fheibrm, 

m 1 m — 1 m — 1 

•(T+=^)(f+^)"f »->• 

And for converging rays, u being negative, 

m 1 m — 1 m — 1 

The term in (85) which contains the correction for aberration, will 
vanish if either of the factors composing it should be equal to zero. 
First, let 

i- _ilii= 0, thenZl±i = 1, or, 
r u u r 

I ; r :: m J^ I : u. 

There is, therefore, no aberration for converging rays, falling 
upon a convex spherical surface, when the distance of the radiant 
point is a fourth proportional to 1, r, and m -f 1. From whence 
-the result on page 56, of the text, is easily deduced. 

Next, let 

r= 0, and tt = r, 

r u 

or the incident rays converge to the centre of the spherical surfoce. 

(100.) In art 42, it was remarked that making m <= — 1 in 
the formulas for refraction, the cases would represent the cor- 
responding ones in reflexion* Making m = ^ 1 in (83) we have. 



y^ 



or, 
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tt' tt r rVr u f ' 2 

u r u r \r u / 

a result which Rgiees with equation (76), art. 93. 

(101.) Prop. XXVIII. To determine the aherratUm in a peneU of 
rays, after refraction by a spherical lens* 




R being- the radiant point of a pencil of rays &ning upon the 
lens LVV'L'i let RL be the extreme ray of the pencil, and R the 
virtual focus of tiie extreme rays, after refraction by the first sur- 
face of the lens. If now we suppose a pencil to proceed from iZ', 
considered as in the denser medium, tlie extreme ray of this pencil, 
R!L\ will be refracted into the direction, L'M, which, if continued 
backward to F, will give the virtual focus of the extreme rays. 

As before, represent RVhy u,R!Vhj u', and CL by r ; farther, 
let « F= r', f r =: D, On^^r', and YY =. t. 
By jthe preceding proposition (equation 83,) we have 



V 



II 



m — 1 



m — 1 



/I m + lV /I _ ly y» 



. (83). 



The case of the second surface will correspond to that of the 
first, if we consider F the radiant point, and R the virtual focus ; 
V must be written in (83), for «, v for u', and r' for r ; we then 
obtain 

m ^1 m — 1 , m — 1 

(7-=f-)(^-r)'*- 

F2 
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1 m m — 1 m — 1 

■(^-^)(7-i)-* •■••■«' 

but v' 88S tt' 4. (, whence -!1. = --^^ — , perfomiiDg the dmskm 

and negieetin^; the powen of t above the fimt, 

m wi mt 

IT""" V^ll^' 
We may ftrther approzimafe to this value of JUL , by substi- 

V 

tuting for , in the seoond member of the eqtiation, its ap. 

projdmate ?alae^ from (26), art 50, namely, 

±=±(±+ atlzLY; whence, 

v' " u' mVt*"*" r/ 
in which the valoe of ^ , from (83), being written. 



tt 



r m \ tt r / 



t/ « 

m — 1 



a\r tt/Vr tt/^2 

By substituting lor ^ , in equation (86), its yalue just found, 
we have 

i_ = J_ +(«-l)(i—^)_l(JL + !1=1)"+ 

» tt \ r r'/ mVtt r / 

maLVr tt/\r""tt/ Kr" v } 

i^-m-f «^ 

We see, in this fi>rmula, first, the two terms which denote the 
reciprocal of the focal distance of an indefinitely small pencil ; 
second, the correction for thickness; and, in the last term, the 
correction for aberration. 

(103.) The ffeneral formula, (87), becomes less complex, and 

S'ves results of considerable practical importance, wh6B apptied to 
e case of parallel rays. 
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Prop. XXIX. The incident ruys being parallel^ to determine the 
aberration of the pencil after refraction by a ephericml Zen«. 

In this case, = o, and (87) becomes, 

The correction for thickness, contained in the second term, has 
already been separately considered, articles 55, 67, &«. ; we may 
therefore leave it out of the question here, making in (68) t ss o. 
Farther, to approximate to the value of o, we may substitute fyt 

in the second meipber of the same equation, the approximate 

V 

value JL , or (m — 1) f - j , obtained by making _ 

c= m (98), art 53. 
We have, then, from (88), 

1 __ 1 . m-^l f 1 /J m-f 1 \ 

V- T fn' Ir' Vr' ""J*; 



(^-f)']^ 



T' 



or, taking the value of v, dividing by tli^denominator thiu 
and neglecting the powers of/ higher than the second, 

the aberration in lengthy therelbre, is represented by 
,_ m-irl /I m+l\ 
m' I r" \t' ft 

■(^-f)"]-4^ '■'^ 

(103.) To apply the formula just obtained, to a doMe cotioer 
tens, r and / (art 62,) must be made negative, whence 



ffl — 1 r 1 /J_ , m 4.1 V 

m3 L r3 Vr' ■*" / / 
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This Talue of the aberration having the pontiTe sign, whik the 
approximate foeol length has the negative sisii, its effect on the 
focal lengthy for rays not near the vertex, is subtractive ; showing 
that the foeus of such rays is nearer the lens, than the focus of 
rays incident near the vertex. 

3 

(104.) For an eqiaUecnvex^ gl<u$ lens, r sszi^^mssi .._- , and / 

s r, disregarding the sign, since / has ahready been made nega- 
tive in (90) ; and from (90), 

2 



BH^^iy^y^- 



-ft + o + x)*] f- 

If we Boppose the beam of light to occupy the whole aperture 
of the lens, y becomes the semi-breadth, and y^ =z -^ . 2r 

nearly, or y^ ss rf, and t a jL.; writing t for J!— in the vahie 
of a, just found, 

the result stated in paragraph 3, page 53, of the text 

(105.) If m = -L , and r : f" : : 2 : 5, or / = Ar, we have 
from (36), 

Substituting these values of m, i^, and / in (90), recollecting 
that f has been already made negative in that equation, and that 
now its value is to be placed' there without regard to the sign* it 
rves» 

9 Lr' ^ VSr ^ 2 lOr / 
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(— 4- JLVl ^Q^''^ vL 
5r "^ lOr) y 73 * 2/ V 

6 / 

This is the case of an unequally convex lens, in which the mora 
convex side is turned to incident light 

(106.) In the plano-convex lens, if the plane side be turned 

towards parallel rays, — = 0, and / = Sr' ; if the material be 

3 

glass, m = ._ , and firom (90) we obtain 

a » 4 . 5 i^ = 4 . 5 t. 

The result given bi paragraph 1, page 53, of the text 

In the same lens, with the convex side turned to parallel rays, 

J— = 0, and /a 2r, whence from (90), r and / having already 

been made negative, 

— rD + x-f]' ••?- 

a«1.17J!l = i.n.t 

The result stated in paragraph 2, page 53, of the text 

(107.) PHQP. XXX. 7b determine the ratio of ike radii of the eur- 
facet of a double convex lens, which shall produce the leati aber 
ration, voith a given focal length and aperture. 

To solve this question we must determine the ratio of r and /, 
when a is a minimum, / and y being constant 

Differentiating the value of a given in (90), considering r and 
r^ as variable, and disregparding the constant multipliers, we obtain, 
after changing all the signs, 
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Bat from equation (36), art 62, we have 

| = _(„_l)(-L + i,).or. 

1 — -— = .^ — I — . --. , whence, by diflferentiatingv 

T T tn *— 1 , / 



1- = 0, or. 



dr d^ 

d^ ^ 

f/2 r^ 



Sabftitnting in 0]) this value of _^ , and dividm|r by dr 
<ir "■ r* \/ ■*■ / / 

which, by the question, is equal to zero. Multiplying by r' we 

-(r+f)'= <^ 

From equation (36), disregarding the sign of/, 
JL = ^ J„ «. JL 

Substituting this vahie in (93), and arranging the terms 

\S^ 6 3 2 2(m-f 2) 

r'a (OT-l)// "^ (m — 1)2/=* r'a /r' 

/ ? 2m~3\. -L = a, 

V(m— 1)^ IP 
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and by tnusposttioa and moltipUcatioii, 

(93). 



- / 


3 


2m 


-a). 


1 




V(m-.l)^ 






If the lens i8 


9fglaas, 


orm : 


3 






but from (36) 
1 2 


21 
1 _ 


6 
/ • 

2 

7" 


or r's 
6 

-■ST' 


. 21 
6 

1 


13 



T'- 



Comparing together the values obtained for r and r', 

r : /:: 1 : 6. 
This lens is known to opticians as the crossed lens. With the 

more convex side turned to parallel rays the aberration is — • ^ , 

14 / 
which is less than that for the plano-convex lens with the convex 
side turned to parallel rays. 

(108.) It would carry us beyond the limits of this Appendix, to 
go into the investigation of the aberration of combined Iraaes. 

Before leaving this subject we purpose to show a method by 
which the surfiices which refract rays accurately to a point, may 
be determined. 

Prof. XXXI. 7b determine the curvature of the surface ef a me- 
diumy so that rays passing into it, from a rarer mednmh tt^y ^ 
refracted to a point. 




As we have found a concave surface to give only a virtual focus, 
we proceed, at once, to examine the case in which the surfitoe of 
the denser medium is convex. Let 1? be the radiant point, RL a 
ray meeting the sur&ce at L and refracted to F: let Z' be a point 
fiirther from the vertex V than L, RL' being the incident and 
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ISV the refracted ray for this point Draw the perpendieokni 
JJR and IIS upun the incident and refracted rays Ru and h'F^ 
respectively. LK will be nearly equal to the increment of the 
incident ray, and IS to the decrement of the refracted ray, in 
passing from the point L to U. Call jRX, u', and XF, — xl. Then 
i£ JJ he supposed very near to L^ LR = <2b', and jLiS^ ss di/, 

LiTt 
In the trtangle L'LR*^ -—-y- -= *^^^ ^^^' = "^* iAcidenoe, 

and in i'I5, ^^' = ^ = ___!__; 

1^9 COS. SLL' sin.. refraction 

whence, 

LR' ^^ sin. incidence 

/i9 sin. refraction 

_.= M,or, 

els'— m<fe'=:o (94), 

the differential equation of the curve which, by a revohition aboot 
the axis RF^ will produce the sur&ce required. To integrate, let 
RV = tt, and FV = — », the complete mtegral of (94) will be 

«'— tt = m («'— 1>) . . . . . (95). 
(109.) If the uicident rays be parolee/, tt' — tt s VM, >^. N. 

Fig. a. 



V M F 

If we pat VM = il — a?, (95) becomes 

A — jp = m («' — »), whence, 

© = «'_jL=lL,or, 

v = «' — ji + JL (96). 

m m 

The equation for the distance of any point in an ellipse from 
the farther locus is, (Young*s Analyt Geom. art 47, p. 72), 

p *= -1 -f ear, 

in which e < 1 ; with this (96) agrees in form, and will be identical if 

JL = e = -L , and »' — jL = A. 
m A m 
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Sabstituting for m in the seoond of these equations, its Ttluo 
from the first, ' 

x/ — c = il, ox rl tss A Jf c. 

We find, then, that an ellipsoid of which 'the 8emi4ran8ver8e 
axis is to the excerUricity as the index of refraction is to unity 

I = 111 I toiU refract parallel rays^ aeeurately^ to the farther 

focus. 

If a lens be formed, of which the first surface is a portion of 
the ellipsoid just determined, the second surface should be (art 99.) 
a portion of a sphere, having the farther focus of the ellipsoid as 
its centre {Jig, 38, text). 

(110.) Equation (95) may be applied to the case in which the inci. 
dent pencil passes (hom a denser to a rarer medium, through a con- 
cave surface. Then FL^ FL\ Jig, M, would represent the incident 
rays, and LR, L'R the refracted rays, and the ratio of the sine of 
incidence to the sine of refraction would be represented by the 

fraction — ; substituting this for m in (95) we have 
m 

m' — . tt = i_ (i/— v) (97). 

m 

For the case of parallel rays, (Jig. 40., p. 55, text,) by proceed- 
ing as in the last article, makmg u' — u =c A — x, 

t)' — r =s m (4 — JP)» and 
V = v' — mA -|- mx ; 

an equation of tlie same form with that before obtained, and re- 
presenting the distance of a point in a conic section from the 
farther focus ; in it 

m s= e = — , and »' — mA as A^ 

Since m > 1, e > 1, and the equation belongs to a hyjierbola, 
(Youn£r*s Analyt Geom., article 79, p. 104,) the equation of 
which is 

v'ss A -{■ mA a= il -f c. 

I^ then, we form a Jens with the Jirst surface plans^ ond tk0 
second that of a hyperboiUnd of which the excerUricity is to the semi- 
transverse as the index of refraction^ of the material of the lens, 
is to unity, parallel rays, incident perpendicularly upon the Jirsi 
surface tf the lens, wul he refracted to the farmer focus ef the 
hyperboloid which forms the second surface (Jig, 40, text)w 

(111.) The cases in which the aberration of converging rays 
upon a spherical surface is zero, (art. 99,) are contained in (95) ; it 
is unnecessary, however, to discuss it ^ther. 
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(lis.) The fanuB of mirrora wkbont aberration may alro be 
ioArred ftom the equationB just discussed. The convex minor 
will be given bj making m =s — 1 in (94), whence, 
duf -\- dv ss 0, and integrating 
„'—,/(_») = C (98). 

By tfaie property we recognize the hyperbola, the distances u' and 
-v' being those of the point, from tlie two foci. 

For a concave mirror, u' and v' have Uie same sign, in equation 
(94),aBd 

du' -I- rfr' = o» or, 
b' + c' = C (^). 

The mirror is on ellipsoid^ the radiant point coinciding toiik one 
foeu8t and the ray$ being ccUected at the opposite focus. 

If one focus remove to an infinite distance, the ellipsoid becomes 
a paraboloid, into the focus of which the rays which have beeu 
supposed parallel are collected. 

Caustics by Reflexion. 

(113.) It is not intended to enter fully into this subject in rela- 
tion to both reflexion and refraction, but to confine the discussion 
to ezamplca of the caustics produced by reflexion. 

The formula for the oblique pencil, art. 29, &.C., gives, in certain 
cases, an elegant and easy method of determining the form of a 
section of the caustic surface, produced by reflexion from a 
spherical mirror. 

Paop. XXXII. To determine ike form of the caustic produced hy 
the reflexion of a pencil of rays from a spherical mirror, when 
ike rays are parallel ; ana also when the radiant point is at a 
diameter''s distance from the vertex of ihe mirror. 

First. When the radiant point is infinitely distant, or Hie rays 
parallel. 

jLDitf representing a section of the mirror, let RL be a ray mci. 
dent upon it and reflected into LB { then, the focus of a small 
pencil meeting the mirror near to L will be the point JP found from 
the Talue of v in the equation which concludes art 30, namely. 

To construct this value of v ; let fidl firom C, CP perpendicular 
to the r^ected ray ZrB, then 

LP SB LC . eos. ^ = r . cos. ^, whence, 
LP 
2 
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Bisect LC in E, and LP in F^ then LFE is a right angle ; the 
point F^ of the caustic, is, therefore, in the circumference of a 

circle of which LE = — LC is the diameter. This being true 
of each point in the ^urve, the caustic curve is an epicycloid, the 




diameter of the generating circle of which is equal to tlie radius of 
the base ; this latter being half the radius of the mirror. This curve 
and the circle LDM revolving about DC^ as an axis, would ^ne. 
rate, respectively, the surface of the caustic and diat of the mirror. 
Second. Let the radiant point be at tlie extremity of the di- 
ameter of the mirror. , 

Fig.V. 




The ray RL is reflected into *LB. To find the position of F 
4ipoD LBt we recur to equation (11), art 39. 
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u V r.coB. ^ 

Dnyring CP pcrpendicolar to RL, 

LP sa r . 000. ^, whence, 

II ■*■ » LP RL tt 

-L=J-,or. 

© — JL — ^^ 

"" 3 "" 3 * 

CL 

If C£ be made =: ——- , the perpendicular from E to LB will 
«> 

intertect it in the fbcns F. The locus of these foci is, therefore, 
an epicycloid, of which the diameter of the generating circle is 
to the radius of the base as two to one. Thb curve is the cardioid. 
(114.) In considering the subject in a more general point of 
view, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of tlie 
mirror being given. 

Paop. XXXIII. To determine the equation of the curve wkieh i$ the 
§ection of a cauttic formed by a curved mirror. The section 
being made by a plane passing through the axis of the mirror. 

We refer the curve to polar co-ordinates, the radiant point being 
the pole. 




Let B and B' be two points very near each other upon the curve 
which is a section of the mirror ; let O be the centre of the oscu- 
lating' circle to the curve at either of these points, so thai the 
portion of the circle and curve' nearly coincide between B and B. 
RB, KBt representing two incident rays, BF, BiF are the re- 
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fleeted ra^ CaU RB =s u, BF ^ v, the angle RBC ss ^, RBC 
8 ^', the perpendicular RP, upon the tangent BP, ss /i, th&> ra- 
dius CB 8 CB' 8 r. Join jPA and let fall the perpendicular RQ, 
upon BF, F being a point in the caustic, FR is the radius 
▼eetor of that point and RQ a perpendiaular upon the tangent; 
call JRF, u\ and RQ, j/. An equation between «' and p' will be 
that of the caustic curve. 

In the acute angled triangle RFB, since the segment BQ a 
RB . cos. RBQ, 

tf'' ss u' 4- 1)3 ^ 2uo . cos. 2^ (100) ; 

and in the right angled triangle RBQ 

p'=:».sin.2^ (101). 

To eliminate cos. 2^ and sin. 2^, we proceed as fbOows. Since 
RP and CB are perpendicular to BF, they are parallel, and th« 
angle PRB a R^C » ^, and 



But, by trigonometry, 



cos. ^ = 

u 



COS. 2^ Bs 2 C0S.S ^ — 1, 
and by substituting fbr cos. ^ the value just given. 



«» -»• 



We have also, by trigonometry, 
sin. ^0 



vr. 


-CO«.i 


'2#,ar. 


J- 


4p» 


4,« 


tt» 


u« 



SubstitutinfT these values of cos. 20 and sin 20 in (100), and 
(101), respectively, we obtain 

«'« = «» 4- «» — 2ut»/i^ — iy, and 

* /=8,/r5 (102). ^ 

The valoa of u'^ may be written .under the more simjile fbrm, 

!»'«= (u 4. «)»- ±!L (103). 

u 
G2 
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Hw rdatioB between « and v given by equation (11), art 29, or 
^ 4- JL= ^ 



tf V r..cos.^ 

may be applied to this ease by takin^^ r to represent the radiiw o£ 
the oeculatmg eirde, which is, ^ 

udu 

Sobetitating this valne for r, 

_ 4- = _____^_.— z^ -.. — •* , or, since 

« 9 udu ^^^ . udu . COS. f 

u 

— -J- — = — ^ , whence, 

u 9 pdu 

e pudu 

. .^^a^ (104). 

2«ap — /Mitt 

If this value of v be substituted in equation (103), we shalj 
obtain a new equation, which, in conjunction with (102), will give 
the relation of u' and p' in terms of ti, |», du^ and dp. The relation 
of the last four quantities mentioned will be given by the equation 
of the reflecting curve and by its differential ; eliminating these 
quantities, there will result a single equation between v! and //, 
the equation of the caustic curve. 

(115.) To give an example xii this method <^ proceeding, let the 
reflecting curve be any portion of a logarithmic spiral^ of which 
the equation is, 

pss mu. 

The general value of v (104), is first to be ap|died to this par. 
ticular case. 

Diflerentiating the equation of the curve, 

dp s tndut whence (104) becomes 
y _ pudu __ pu _^ pu _^ 

2ntudu — pdu 2mu — p 2p — p 

This value' of v substituted in equation (103), gives 

f»'2 = 4»3 _ ^tl. = 4it> — 4p', or, 

V 

u'» « 4ii9 — 4m!«a « 4«a (1 — m«), and 
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tt' = 2tt V 1 — ma. 
Also, firom (102), 

or, gince we have just found 

2u \/ 1 — m» =■ tt' 

|)' ex ffltt'. 

The section of the caustic surface is, therefore, a logarithmic 
•piral differing ofdy in position from the reflecting curve. 
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ON THE DOUBLE RETRACTION AND POLARIZATION OP U6HT. 

(116.) Although it does not enter into the design of this Appen- 
dix to show the method of deducing, from theoretical oonsiidem- 
tions, any of the general laws of Optics, I have thought that it 
may assist the student to give the forrauliB to which these consid- 
erations lead, or which have been -deduced from experiment, in 
certain particular cases, discussed in the text. The formula, or 
general law, once remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi- 
vidual results. 

Double Refraction of Light, 

(117.) The fiwrnula which represents the law of extraordinary 
refraction in doubly refracting crystals, becomes, when the inci* 
dent ray is in a plane passing through the axis of the crystals, 

m'» == «i2 — (m3 — in'2) . sin. a^ (105), 

in which m' is the index of refraction of the extraordinary ray, m 
that of the ordinary ray, and ^ the inclination to the axis. In the 
•pheroids constructed m the text (flge. 77. and 79.), to give the 
index of refiraction of the extraordinary ray, if the axis which co- 
incides with that of the rhomb be called 6, and that perpendicular to 

the same axis a, then by the constructian a = — . , and 6 = — , 

* m' m 

whence (105) becomes 

AaIongMm> m'.or — .> -.,tliatka> (.— (-7-. — -L\ 
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Tht rdstkm between « nnd 9 given by equation (II;, 



u V r , COS. (p 

may be applied to this ease by taking r to rrprc>r;j 
the oeculating eirde, which ia, 

udu 

Sobititiiting tfaia Talue for r, 
_1_ J_ _ 2 ^ ^[Iv 

— _ — . COS. 9 
dp 

coa.0= P-. 
u 

± + I = i''" , v.. 

U 9 J)(la 

1 __ 2udp — /"'•' 
9 pudu 

purlti 
2ucip — y/''" 

If thia vahie of v be substin.- 

obCain • new equation, whicii. ir. 

the relation of u* and p' in for. . 

•T the fiist lour qoantiticH rix 
oTthe reflecdng- curve nr- ' 
quantities, there will n*^ 1 1 
tliG equation of the can.-; 

1.1 15.) To give an r.v,. 
pwr'r^rting furr^j bo nuy 
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A. The rotation of the lower crystal 

i !)()^, COS. a takes the negative sign and 

Aiiilc sin. a again diminishes; when a &= 

., !,hi. a = 0, and Oe, Eo again disappear. At 

uiii'H Oo^ Ee coalesce, the two extraordinary 

< in opposite directions. 

'ization of Light by Reflexion, 

^f lias been polarized by refiexion from a sur- 

fh it ftills at the maximum polarixing angle, the 

ncal formula, determined by Mains, will represent 

f tho light reflected from another surface, upon 

.1 is incident at the polarizing angle: (fig* 87, page 

/= A, 008.3 a (108), 

(lie intensity of the reflected light, A that of the inci- 
y and a tlje angle between the plane of incidence and that 
!'l vpilexion, or the azimuth of the plane of the second re- 
W Uim a =: 0, or 180°, J is a maximum, and when a =» 
m-\ I = 0» and no light is reflected, 
r «*iM»ht. 4^jr:u(^ of tliis law, a beam of common light, as far as 
■Mi i* touc(?rned, may be represented by two beams of 
■tl liirii^ liiiviiig their planes of polarization at right angles 
fid J J I.) I i]A\ the angle between the planes of polarization and 
■^iuii fi" rhe one being called a, that of the other will be 
/, uki»J tVom (108) we shall have, for the brightness of the 
^^r Jvtli-cltd j<entil8, 

Is= A. C0S.2 a 
r = A, C08.a (90 — a) = il. sin. «a ; 
lence, 

/+/'=. il (00S.2 a + sin.3 a) = A, 

t sum of the intensities, of the two supposed pencils, remaining 
-iic same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies to the case of light polarized by refrac- 
tion, and incident upon a reflecting surface at the angle of com- 
})lete polarization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexion. 

(121.) The law, deduced by Sir David Brewster, as expressing 
the relation between the phenomena of refraction and pdarixation 
fill reflexion, when light falls upon the first surface of a body, is 
tan. P »=3 m (109). 

ig the polarizing angle, and m the index of refraction of tit 
iQ used. 
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ifig'Tt), will be negative, whence the term ctywlaU with a nega- 
tive axie which applies to this class. When a <,h {fig. 79), 

-. < — or m' > m, and | ^- ^| becomes additive, and 

ha \h'^ a' / 

the crystals are said to be eryttaU with a poeitive axU of doable 
refraction. 

(118.) In the plane of principal section the tuigents of the angles 
of extraordinary and of ordinary refraction are in a constant ratio 
to each other. In the plane perpendicular to tiiis, the law of the 
sines, applies equally to the extraordinary and to the ordinary ray, 
but the value of the eonstant quantity is different for the two rays. 
These are the onl^ two cases, in which the extraordinarily refracted 
ray is contained in the plane of incidence. 

(119.) When light which has been polarized by double refraction, 
in the plane of principal section of a crystal Iceland spar {fi^s, 
84 and. 85., text), passes through a second crystal, the relative 
brightness of each image, supposing that no hght is lost by re- 
flexion or absorption, may be expressed by the following formula ; 
in which O0, Ee, Oe, and Eo represent the images formed as de- 
scribed on pajfe 140 of the text, a is the angle which the' plane of 
principal secUon of the second rhomb makn with the same plane 
in the first, and ii is the brightness of the incident ray. 

Oo = 1 ii . cos.3 a=z Ee (106). 

Oe = i. il . sin.3 a = Eo (107). 

The sum of the brightness of the four images, 
Oo-\~Ee-{.Oe^Eo=zA (cos.« a 4. sin.-' a) = A. 

From the foregoing formuls (106. and 107.) we may trace the 
changes of brightness in the several images, as described in pages 
140, 141, of the text {fig. 86.) 

^ When the principal sections are parallel, a = 61, cos. a = 1, and 
ffin. a ^ 0, therefore 

Ooz=Ee= La Oe=z Eo = 0. 

2 

By tummg the lower crystal, a assumes a finite value and the 
inia|[es Oe, Eo appear. As a increases, sin. a increases and cos. a 
dinunishes; Oe and Eo, therefore, increase in bri^tness, and Oo, 
Ee decrease. When a = 45<>, cos. a = sin. a, and the four im- 
urea are equally bright The angle a increasing forther, Oo and 
£e become more and more fiunt, and disappear when a = 90^^ ; at 
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this angle Oe = jBb = i. A. The rotation of the lower crystal 

being continned beyond 90°, cos. a takes the negative sign and 
increases negatively, while sin. a again diminishes ; when a s= 
180°, COS. a = — 1, sin. a = 0, and Qe, Eo again disappear. At 
this angle the two images Oo^ Ee coalesce, the two extraordinary 
refractions taking place m opposite directions. 

Polarization of Light by Reflexion. 

(120.) When light has been polarized by reflexion from a sur- 
fiice, upon which it Ms at the maximum polarizing angle, the 
following empyrical formula, determined by Malus, will represent 
the intensity of the hght reflected from another surface, upon 
which the pencil is incident at the polarizing angle : {fig* 87, page 
143, text) 

/« A. cos.a a (108). 

in which / is the intensity of the reflected light, A that of the inci- 
dent Ught, and a the angle between the plane of incidence and that 
of the second reflexion, or the azimuth of the plane of the second re- 
flexion. When a = 0, or 180°, / is a maximum, and when a =i 
90°, or 270°, / = 0, and no light is reflected. 

As a consequence of this law, a beam of common light, as far as 
brightness is concerned, may be represented by two beams of 
polarized light, having their planes of polarization at right angles 
to each other : for, the angle between the planes of polarization and 
of reflexion of the one l^ing called a, that of the other will be 
90° — o^and from (108) we shall have, for the brightness of the 
two reflected pencils, 

/ ss= it. cos.3 a 

r = A, coB.a (90 — a) « it sin. «fl; 
whence, 

/ + /' s= il (008.2 a -f Bin.3 a) « A, 

the sum of the intensities, of the two supposed pencils, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies to the case of light polarized by reflrac- 
tion, and incident upon a reflecting surface at the angle of com- 
plete pokrization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexion. 

(121.) The law, deduced by Sir David Brewster, as expressing 
fhe relation between the phenomena of refraction and polarixation 
by rejlexion, when light falls upon the first surface of a body, is 
tan. P = m (109). 

P being the polarizing angle, and m the index of refimction of the 
materiu used. 
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From this formiila, if we suppose the light to be incident at the 
polarizing angle, and call R the angle of refraction at this inci- 
dence, 

tan.f = ""-^ ; but tan. F = f^BlZ , whence 
sin. 12 cos. F 

sm. iZ = COS. P, (110), 

or the maximum polarizing angle is the complement of the cor- 
responding angle of refraction^ and the reflected ray is perpen- 
dicular to the refracted ray. 

(122.) If the light which has passed through tlie first surface 
fidl upon a second, parallel to the first, the angte of incidence upon 
the first sur&ce being P^ that on the second is IZ, and i2 = 90 — > 
P (110) ; whence, 

tan. i? s cot P: but cot P = _i— = JL , and therefore, 
tan. P m 

tan. i? s .1- 

m 

or the tangent of the incidence upon the second surface is the 
index of the refraction from the denser to the rarer medium. R is, 
therefore, the angle of polarization for the second sur&ce, and the 
light reflected from that surface, as well as that from the first, will 
be polarized. 

Law of Partial Polarizatum of Light by Reflexion. 

(123.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is due to Fresnel, by which the effect 
of any number of reflexions, on the inclination of the planes of 
polarization of a beam of light, may be determined. The effect 
of a single reflexion at an angle diflfering from the polarizing angle, 
is given by the equation 

tan. ^ = tan. ar '^ (* + *") (Hi), 

cos. (i — i ) 

in which formula, i is the angle of incidence, i' the corresponding 
angle of reflection, x the primitive inclination of the plane of 
polarization of the polarized ray to the plane of reflexion, and ^ the 
mclination of the same planes afler reflexion. The angle t — t' is 
evidently the deviation produced by refiractbn, and i 4. t' is the 
supplement of the angle between the refracted and reflected rays. 
When X b 45°, the case considered in the text, p. 150, tan. x =3 1, 

t^^^^stp^ aiz). 

000. (» — t) 
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(124.) The efibct of 9ucee98ive reflexions of a pencil of oommon 
light, or in which x a 45°, mav be deduced from the first equation 
for the value of tan. f (111) ; lor if represent the inclination ot 
the plane of polarization to that of reflexion after n reflexions, 
tan. ss tan." ^, x and ^ preserving the same relations to each 
other afler any number of reflexions ; whence, 

t>^0= '^f+Z ("')• 

COS. (t — »')■ 

Since tan. a tan." ^, and by the supposition tan. ^ is not zero, 
It appears that although partially polarized light may have its 
planes brought indefimtely near to parallelism, by increasing the 
number of reflexions, yet tan. 0, and therefore 9, cannot become 
abeolutely equal to zero by any number of reflexions. 

The formula for the quantity of the apparently polarized Ught 
could not, advantageously, be introduced in this place.* 

Polarization of Light by ordinary Refraction, 

(125.) From an examination of the effect produced by a single 
sur&ce upon the two planes of polarization in the beam (^common 
liffht. Sir David Brewster inferred, that it depended upon the angle 
of deviation of the ray, and was represented by the formula, 
cot = COS. (i — (114). 

in which ^ is the inclination jof the planes of polarization to the 
plane of the refraction, and i and i' the angles of incidence and 
refiraction of the ray. When i — i' =. 0° or i s= 90°, cos. (t — f) 
s= 1, and cot ^ ss 1, or ^ =: 45°, and no change is produced in 
the inclination. When » — t' = 90°, cos. i — i' == 0, and cot ^ 
= 0, or a 90°. 

When the light is not common light, or lisrht in which the 
planes of polarization are inclined 45° to the pume of refraction, 
if OP be taken to represent the inclination of the planes of polariza- 
tion of the beam to the plane of refraction, 

cot =s cot a?, cos, (i — t') (115). 

If the light fall upon a second surface, parallel to the first, x for 
that surfiice is the value of found for the first, and if 9 be called 
the inclination afler n refi'actions, 

cot « = cot" =;= cot" X, COS." (i — • (116). 

When cot a; 3= 1, that is, in the case of common light, 
cot = COS." (i — (117). 

(126.) By combining this formula with that for the partial polar- 
ization h^ reflexion, we can readily obtain the effect produced upon 
light, wmch should reach the eye, afler two refi^ictions, at the first 
surfiu» of a plate, and an intermediate reflexion at the second 
surface. 

* Sir D. Brewster, in Pkil Trans. (XiOn.) 1830. 
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Lei f represent the inclination of the plane of polarization to 
that of refraction, afier refraction by the firat aur&ce of the plate ; 
f ' the inclination produced by the reflexion at the second sorfiice ; 
and ^" that produced by the second refraction at the first eurlacea 
aa the ray emerges. . Calling, as before, t the angle of incidence 
on the first surfiice, i' that of refraction, and x the inclination of 
the planes of polarization of the incident light to the pUne of inci- 
dence ; then from (115), 

eot f s cot x . Goa. (t ^ Of or tan. ^ = — ^"^^ .^ . 

cos. (t — O 

From ftnnnia (111), fin* partial polarization by reflexion, 

tui. ♦- = to. # iS!l(L±^ . = tan. . -£S?:iLtiL 
COS. (i — v) coe. (» — t )^ 

Equation (115), applied to the second sur&oe of the plate,, gives 
cot ^'^ss cot ^'. COS. (» — ; 

whenee, by aabctitnting for cot ^ the reciprocal of the value just 
fixind fir tan. f ', 

1 cos.(i-tV ^ 



COtf'rs 



tan. X COS. (t 4. t') 



cot,^"=cotx;i?54^ ....(118). ' 

COS. (I + 

For oommon light, in which x « 45^, 

cot =1 COS. (» — V)f 

to.#'=-SStiL+£L, 
cofc (i — iO* 

C^r^ «0».(i--f)» („gj 

COS. (1 4- 1) 

If, in this latter case, 

COS. (» — i')^ = COS. (i 4- i'), 

cot^"=l, or^"«45o, 

and the light polarized by the first refraction and the intermediate 
reflexion, will be restored by the refiraction at emer^ng, to the state 
of common light The above equation will be satisfied in glass of 

which -f^J- = « = 1^5, at 78° 7'. 
am. i' 

If COS. ({ — 0^ > coi. (t 4. t\ which would occur by dimni. 
iahingt,cot^''> 1, and ^'' <45^ 

If COS. (t— 0'^ M COS. (t 4. O tan. ^'« 1, fos45^ or the light 
polarized by the first refraction is restored to oommon fight by tha 
reflexion. When refracted at the second sur&ce, since, 
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ooiu (» + •') «)•.(» 4-0 

O0t^"«BC0f.(t — 0, 

or the light i« y«poUurxz9d at the second rofraQtiap, tnd tbs eifeet of 
the plate is that of a lingle sur&ce.* 



CHAP.Vn. 

OF THB RAINBOW. 



(137.) To explain the theory of the rainhow, we hegin by the 
fillowixig propontion. 

Pfcop. XXXIV. ilroy ef Ught tnUr% a r^mcHng tphere, i$ re. 
JleeUd any number of ttm««, and emergt$ ; to d^Urmine the devia- 
tion when Hie a ffMu»miim» or thimmm* 




Let RL be a lUy of liffht, flaeeting the refracting sphere LMNP 
at £, and refracted into XJIf ; LM meeting the seoond sur&ce of 
ibe sphere at M, is in part refleoted into MN, which farther sufiers 
reflexion at NF, takings the directioQ NF i that part of NP which 
is not reflected, passes out of the sphere,^ being refracted into the 
direction PR By the law of reflexion the angles CML, CMN, Soc^ 
are all eqoal to CLM the anffle of refiraction at the first surface; 
tlii an^ of emergence JPJP is, therefore, equal to the angle of 
incidence RLK Call the anffle of incidence ^ that of refiuction 
d' ; the angle of deviation of tike refracted ray LM, or the angle 
ilLM r=; ^ — 0' I the angle of deviation at emergence, or the angle 
i^G> _ ^ — f'} and the sum of the deviations is 9 (^ -« ^'.> Ae 
deviation produced by ^ flrst refleiion, or MMN^m^ 180 — LMI9 
mt 16Q — S^', and at each sucoeedinff reflexion a new deviation of 
eai^aJl amount is produced ; the total deviation, therefbre, after n re- 

* Msnoir ^ Wi D. Bntymw, in MU. Trans, (Lon.) 1830 
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flezioiifl is I80n — 2n^. The sum of Uie effects produced \ty both 
refiractum and reflection is, calling 6 the total deviation, 

a = 180n.— 2tnp' + 2 (if • 4j',) or 

S = 180n + 2^ — 2 (n + 1) f . . w . (120). 

In which equation ^ and ^' are connected by t^ equation, (17« 
art 39,) 

sin. ^ rs fit. sin. ^' (17). 

When 3 is a majdmum or minimum, dS z=zo^ and by difi&ren- 
tiating (120,) considering ^ and ^' as variable, 
2d^^2Xn + 1) d<p' = 0, or 
rf^ =r (n + 1) d^'. 
By differentiating (17), 

d. sin. B m. d sin. f\ or 
cos. ip .d^ s=sm. COS. 0' . (^', 
in which substituting the value just found for d^, 

(n + 1) COS. ^ . d^' s m COS. ^' d^', and 
(fi -4- 1-) COS. ^ SB m . COB. ^'• 

To combine this with (17), square both equations and add, wo 
haye 

sin. af -f. (n + l)^. cos.^ ^ = m«, (sin.a ^' -f cos.^ ^'); 
but, sin.2 ^ =3 1 — C0S.3 ^, and sin.^ 0' + cos.a 0' =» i, wheboa 



coB.^^(^in + iy-^l) + l 



^2f^ fn'-l , ">^-l ^ JlilzuLand 
(n+l)^— 1 n3 + 2n n(n 4-2) 



cos.#==/Zr:i (121> 

- ^ «(n + 2) 

(1528.) The primary rainbow is formed by two reactions and 
one reflexion of the sun's light, by drops of rain, as shown in^g*. 
134, page 224 of tiie text 

Producing the incident and emergent rays RF and Oq, until 
they meet at q; (120) gives by making n ss 1, 

6 =180 + 20—4^'. 

The angle q (fiqO) is the supi^ment of the deviation J, whence 

^=40^ — 20 (122), 

and since q increases as i diminishes, ^ is a maximum when J is a 

^minimum. Near the maximum value, will change less for a 

given change of incidence than at other values ; and near this mazi- 
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mum, therefi)re, the incident p^icil will emerge moat copiously, and 
affect the eye meet strongly. When j is a minimum,~we have from 
the preceding article, by mating n == 1 in equation (121), 

oo..#= y»iEr....,a23)j 

in which, if for m, the index of refraction of water for the dif- 
ierently colored rays be substituted, the angle of incidence will be 
found at which each color is most copiously transmitted to the eye. 
The angle ^ will be given at the same time by equation (122), and 
by the relation, 

sin. = m . sin. 0' (17). 

To determine the limits of the value of q for the differently 
colored rays, we take the value of m for the least and most refran- 

108 
gible of tliose rays : for the red m = — , and for the violet m 

109 

= t . These values substituted for m, in equation (123), wo 

81 
oUain from (123), for the red rays, 

cos. = .5092, = 590 21', and sin. <P = .8603, whence from 
(17) sin. 0' = .6452 and 0' == 4(P iV ; therefore from (122), q = 
160° 44' — II80 42' = 420 2'. 

For the violet rays the same equations give, 
COB. ss . 5199, = 58° 41 i', and sin. <p = .8543; whence sin. 
0' = .6352, and 0' = 39° 25', and j' = 157° 40' — 117° 23' = 
40O 17'. 

The breadth of the bow is measured by the angle qO^ = OnR — 
9' = ^ ~ ^ = 42° 2'— 40° 17' = 1° 45'. This supposes the 
rays to flow from a point The angle q being greater than ^, the 
line Oq is above O^, and the red is the highest color in the bow. 

(129.) The secondary rainhoiOt shown in the same figure of the 
text, is formed by two reflexions and two refractions: it corresponds 
to the case of m =: 2 in the formula for tlie deviation. From this 
formula (120) 

a = 360 4- 20 — 60' ; 

but the angle GqO between the incident and emergent rays is the 
excess of the angle of deviation above two right angles, whence 
5 = 180 + 20 — 60' .... . (124). 
By the same reasoning which was used in the preceding article, 
it may be shown, that the different colors will be transmitted most 
copiously, at incidences given by equation (121), in which n = 2, and 
m is the index of refraction corresponding to the colored rays of 
which the incidence is sought From (121) 

c«.#-y^i!Ei a25). 
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Tb0 relation of ^ and ^' is given hj 

dn. ^ tss m . Bin. ^' (17). 

The limitfl of the value of q will be found by placing for m in 
(125), and (17), the index of refiraction for the least and moet 

^ .^, 108 . 109 

refrangible ray8,or m = _^ and m s= __ . 

By prooeoding as in the last article, we have for the rei rays : 
ooB. ^ » ^118, f » 71^ 49^', sin. ^ « .9501, sin. ^'s i> 7126, 
f' » 45<^ 27', and 9 ^ 50^ 57'. 

For the vioUt rays: cos. ^ = . 3184, ^ = 71° 27J, sin. 0'a= 
.7046. ^' = 14° 48'. whence ^ = 54° 7'. 

The angle, 9^. fi>r the violet rays, being greater than the cor- 
responding angle fi>r the red. the violet b higher than the red, in 
the bow ; the colors are therefore inverted in relation to those of 
the primary. The angle q'Oq = ^ — 5 = 8° 10'. 

The angular distance between the bows, qOq = 50° 5T — 42' 
2'= 8055'. 

(130.) The breadth of the bows, and of the space between them, 
having been measured on the supposition that the rays flow from 

X'nt, correction must be made fi>r the apparent diameter of the 
disc, which is about 32'. On this account the breadth of 
each bow is increased by 32', so that the primary is 2° 17' in 
breadth, and the secondary 3^ 42'. The breadth of the space be- 
tween the two bows is, thus, diminished by 32', and is 8^ 23'. The 
an?le, f , fi>r the highest red of the primary bow will be (42^^ 2' 4. 
16^ 439 18'; whence, if the sun is more than 439 18' above the 
horizon, the primary bow is not seen ; the corresponding limit for 
the secondary bow is 54^ 23'. 

(131.) A portion of the light which enters any drop of rain, is 
lost at each reflexion : for, by art 41, in order that total reflexion 
shall take place at the separating surface of the denser and of the 
rarer medium, the relation m sm. ^'==1, or > 1, must subsist; 
but from the investigation it appears, that sin. ^ is always less 
than unity, and that the condition necessary to total reflexion is 
never satisfied. The colors of the secondary bow are therefore 
fiiinter than those of the primary. 

The 'method of investigating the theory of the bows fbrroed by 
three or more reflexions combined with two refractions, must be 
obvious from what has been said in relation to the primary and 
secondary bows. 
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Aberration, spherica], of lenses and 
mirrors, 51; longitudinal ; lateral, 
53. Appendix, 55. By a single re- 
fracting surface. App. 61. By a lens, 
App. 65. Values of, for different 
lenses, 56 ; App. 68. Chromatic, 74. 

JEpinus, M., his experiments on ac- 
cidental colors, 256. 

Air, the absorptive power of, 120. 

Amici, professor, of Modena, pro- 
poses various forms of the camera 
lucida, free from the defects of Dr. 
Wollaston's, 278. Revives the re- 
flecting microscope in an improved 
form, 286. 

Analcime, the polarizing structure 
of this mineral ; derives its name 
from its property of not yielding 
electricity by friction, 183. 

Arago, M., the colors produced by 
crystallized plates in polarized 
light, studied with success by Biot 
and other authors, first discovered 
by, isf. 

Archimedes, the manner in which 
he is supposed to have destroyed 
the ships of Marcellus, 264. 

Atmosphere, the refractive power of 
the, 215. 

Axis, of lenses, 32. 

B. 

Barlocci, professor, bis experiments: 
finds that the armed natural load- 
stone had its power nearly doubled 
by twenty-four hours' exposure to 
the strong light of the sun, 85. 

Barlow, his achromatic telescope, 
304. 

Barton, John, produces color by 
grooved surfaces, and communi- 
cates these colors by pressure to 
various substances, 106. 

Batsha, the tides of, explained by 
Newton and Hal ley, 119. 

Baumgartner, M., his experiments : 
discovers that a steel wire, some 
parts of which were polished, the 
other parts without lustre, becomes 
magnetic by exposure to the white 



light of the sun ; a north pole ap- 
pearing at each polished part, and 
a south pole appearing at each un- 
polished part; obtains eight poles 
on a wire eight inches long, 84. 

Beams, solar, diverging, 2^3; and 
converging, 234. 

Berard, M., his experiments on the 
heating power of the spectrum, 82. 

Berzelius, M., his experiments on ab- 
sorption, 123. 

Biot and Arago on polarized light, 
149. 

Blackadder, some phenomena b6th 
of vertical and lateral mirage, 
seen by him at King George's Bas- 
tion, Leith, 219. 

Blair, Dr., his achromatic lens, 77. 
Constructs a prism telescope, 303. 

Bodies, absorptive power of; the na- 
ture of the power by which they 
absorb light, not yet ascertained ; 
all colored transparent bodies do 
not absorb the colors proportion- 
ally, 120. Absorb heating rays un- 
equally, 316. Natural, the colors 
of, 235 and 320. 

Bovista lycoperdon, the seed of, 101. 

Boyle, his observations on the colors 
of thin plates, 90. 

Brereton, lord, his observations on 
the colors of thin films, 90. 

Buchan, Dr., case of unusual reflex- 
ion, 222. 

Buffon, constructs a burning appa- 
ratus ; the principle of it explained, 
264.. 

C. 

Camera obscura, an optical instru- 
ment, invented by the celebrated 
Baptista Porta, 274. 

Camera lucida, invented by Dr. Wol- 
laston, 277. 

Cameleon mineral, 239. 

Carbon, sulphuret of, of great use in 
optical researches ; employed as a 
substitute for flint glass by Mr. 
Barlow, 305. 

Carpa, M., and M. Ridolfi, repeat 
Dr. Moricbini's experiment with 
success, 84. 



* The Appendix referred to is that of the American editor, unless when 
Ibe contrary is expressly stated. 
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CfeMia, oil of. 31-TI. 

Catoptrics, 13. App. 9. 

CauBticfl formed oy reflexion, 58. 
App. 74. Formed by refraction, 63. 

Charcoal the most abeorptive of all 
bodies. 190. 

Chevalier, M., of Paris, makes use 
of a meniscas prism for the ca- 
mera obscura, 371. 

Christie, Mr., of Woolwich, his ex- 

Erisient eonfinned by those of M. 
triocci and M. Zantedesehi, 84. 

Coddin^on, Mr., his observations on 
the compound microscope, 3-34. 

Cfrfors, accidental, and colored 
shadows, 354. Phenomena of, il- 
lustrated by various experiments, 
250. 

Compression and dilatation, their 
optical influence, 303. 

Crossed lens, App. 69. 

Cnrstals with one axis of double re- 
fraction, 138. Whether mineral 
bodies or chemical substances have 
two axes of double refraction, 133. 
A list of the primitive forms of, 
according to Hauy, 13C. With 
one axis; system of colored rings 
in, 173. The influence of uniform 
heat and cold on, 203. Composite 
exhiUted in the bipyramidal sul- 
phate of potash, 906. In apopfayi- 
lite, ib. In Iceland spar, 308. The 
multiplication of images by the 
«r]rBtals of calcareous spar with 
one axis, 210. Diflerent colors of 
the two images produced by dou- 
ble refraction in crystals with one 
axis, 311. 

Cubes of glass with doable refrac- 
tion, 199. 

•Carves, caustic, formed by reflexion 
and refraction, 58. App. 74. 

Cylinders of glass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 196. 



D'Alembert,304. 

Davy, Sir Humphry, repeats Berard's 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chanlnes, duke, 96. 

Descartes, 54. 

Deviation, angle of, 33^ App. 27. 

Diamond, 31. 

Dichroism, or the double color of 
bodies, 210. 

Dioptrics. 96. Af»p.9B. 

Dispersion, irrationality of, 73. 



Dispersive powers, table of, Author's 
App. 310. 

Di Torre, father, of Naples, his im- 
provement on Dr. Hooke's spheres 
for microscopes, 380. 

Dollond, Mr., the achromatic tele- 
scope broufflit to a high degree of 
perfection by, 76. 

E. 

Ellipsoid, 54. App. 72. 

Englefleld, Sir Henry, 81. 

Eriometer, an instrument proposed 
by Dr. Young, a description of it ; 
and the manner in which it is to 
be used, 101. 

Eye, the human ; the structure and 
functions of, 240. The refractive 
powers of humors of, 343. The in- 
sensibility of, to direct impressions 
of faint light ; duration of the im- 

Sessions of light on the retina, 
and 331. The cause of sin- 
gle vision with two eyes, 351. The 
accommodation of. to different 
distances, proved by various ex- 
periments, 353. Long-sightedness 
and short-sightedness accounted 
for, 353. Insensibility to particu- 
lar colors, 359 and 333. 
Eye-pieces, achromatic, Ramsden's ; 
in universal use in all achromatic 
telescopes for land objects, 301. 



Faraday, Mr, his observations on 
glass tinged purple with manga- 
nese ; its absorptive power altered 
by the transmission of the solar 
rays, 134. 

Fata Morgani^, seen in the straits of 
Messina, accounted for, 318. 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
the doctrine of interference, 111. 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. See- 
beck, 188. 

Focal point, 18. 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17. 
rules for finding the principal ; for 
convex lenses, 41. App. 38 ; for 
mierors, 17. App. 14. Distance from 
centre, a mean proportional, &e., 
App. 18. Physical, of mirrors, App. 
59. 

Fraunhofer, M., of Munidi, iua ob- 
servations on the lines in the spec- 
trum, 78 ; perceives similar bands 
in the light of planets, and fixed 
stars, 79. Illuminating power of 
the spectium, 80. 

Fretnel, BL, explains the phenomena 
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of inflexion or diffraction of light, 
86. Formula Tor polarization of 
light by reflexions, not at maxi- 
mum polarizing angle, App. 82. His 
experiment on the interference of 
polarized light, 188. Discoveries 
of, on circular polarization, 189. 

6. 

Glasses, plane, 31. Multiplying, 273. 
Refraction of light through plane, 
3G. App. 35. Achromatic opera, 
with single lenses, 304. 

Gordon, the duchess of, 91. 

Goring, Dr., his improvements in all 
kinds of microscopes; introduces 
the use of test objects, 287 ; a work 
published by him and Mr. Pritch- 
ard on the microscope, 281. 

Gray, Mr. Stephen, 280. 

Gregory, James, the first who de- 
scribed the construction of the re- 
flecting telescope, 291. 

Grimaldi, his discovery of the in- 
flexion or difiraction of light, 86. 



Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Halley, Dr., his observations on the 
rainbow. 226. 

Halos, 227. The colors of, described ; 
the origin of, and how produced, 
232. 

Hare, Dr., observation on translu- 
cency of gold leaf, 390. 

Haiiy, the abbi, discovers the want 
of electricity by friction in anal- 
cime, 184. 

Heat, the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 123. Heat and cold, tran- 
sient influence of, 197. 

Herschel, Mr., his discovery of an- 
other pair of prismatic images in 
thin platesofmother-of pearl. 105. 
The principal data of the undula- 
tory theory given by, 119. The 
results of many authors on the 
subject of colored flames, given 
by, 124. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 
134. 

Herschel, Sir W., his experiment of 
the heating power of the spectrum 
confirmed by Sir Henry Englefield, 
81. Ink applied by him for obtain- 
ing a white image of the sun, r21. 
Constructs a telescope, 40 feet 
long, with which he discovers the 
■ixth satellite of Saturn, 396. 



Hevelius, his observations on a pa< 
raselene, 230. 

Home, Sir Everard, his description 
of the pearl, 105. 

Hooke, Dr., constructs small spheres 
for microscopes, 280. 

Huygens, his discovery of the law of 
double refraction in crystals, 131 ; 
determines the extraordinary re- 
fraction of any point of tha 
sphere, 132. Publisiies an elaborate 
history of halos, 231; his discov* 
ery of the ring and the fourth sat- 
ellite of Saturn, 289. 

Huddhrt, Mr., several cases described 
by him of unusual refraction, 216. 



Iceland spar; of what composed ; 
found in almost all countries, 126. 

Image by mirrors, curvature at ver- 
tex «f, App. 24. Change of form 
by change of distance of object, 
App. 34; formed Arom section, App. 
iM ; by a convex lens, App. 52 ; by 
a concave lens, App. 5-1. 

Incidence, angle of, equal to angle 
of emergence, 14. App. S9. Pkine 
of, 14. 

Induration, the influence of, 205. 

Ink, diluted, absorbs all the colored 
rays of the sun in equal propor- 
tion ; applied by Sir William Her- 
schel, as a darkening substance, 
for obtaining a white image of 
the sun, 121. \ 

Interference, the law of, 115. 

lolite, properties of, 211. 

Iris ornaments invented by John 
Barton, Esq. 107. 



Jansen, his invention of the single 

microscope, 279. 
Jurine and Soret, observation of an 

unusual refraction, 218. 



Kaleidoscope, formation and prin* 

ciple of the, 262. 
Kircher, the inventor of the magic 

lantern, 270. 
Kitchener's, Dr., pancratic eye-tube, 

302. 



Landriani, 81. 

Lantern, mngic^ invented t>y Kir- 
cher, 276. 

Latham, Mr., 221. 

Lerebours, M., has lately executed 
two achromatic object-glasses, 
which are in Sir James South'a 
observatory at Kensington, 300. 
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Lebot, bto work on the seat of vis- 
ion, 344. 

Le Maire, 51. 

l^ens, 9{riierical, concavo-convex, 
double-convex, plano-convex, dou- 
Ue-concave, plano-concave, 31; of 
least aberration, App. ti9. 

I.«n8, a plano-convex, the principal 
focus of, 42. App. 43. Plano-con- 
eave, refraction by, App. 47. 

— achromatic, 76. 

Lenses, the formation of images by, 
App 50. Their ujaguifying power, 
40. Convex and concave, 2<J7. App. 
37,45, and 54. Burning and illu- 
minating, 2:36. 

Lenses, polyzonal, constructed for 
ths Commissioners of Northern 
Lighthouses', introduced into the 
principal French lighthouses, 2G9. 

Light, the velocity with which it 
moves; moves in straiffht lines, 13. 
Falling upon any surface, the an- 
gle of its reflexion equal to the 
angle of its incidence, 14. The to- 
tal reflexion oC 34. App. 27. Re- 
fraction of. through curved sur- 
Ihces. 37. Refraction of, through 
spheres, 38. App. 42. Refraction of, 
through concave and convex sur- 
faces, 40. App. 31. Refraction of, 
through convex lenses, 41. App. 
37. RefVaction of, through concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
eonvftx lenses, 45. App. 48. On the 
colors and decomposition of white 
light, the'composition of, dincover- 
«rii by Sir I. Newton, (53. Different 
reft-angibilities of the raysjof ; re- 
.eoniposition of wbite li!;ht,65. De- 
Cftmposition of, by absorption, 67, 
;and 315. The inflexion or diffrac- 
tion of, 86. Several curious prop- 
erties of, 107. The interftirence of, 
111. The absorption of, 120. A 
new method proposed of analyzing 
white light, 121. Double rcfrifttion 
4>f, flrst discovered iu Iceland spar, 
1*%. Polarization of, by double re- 
fraction, 138. Partial polarization 
of, by reflexion, 149. App. 82; and 
by ordinary refraction, 152. App. 
83. Polarized, the cohtrs of crys- 
tallized plates in, ]^. The action 
of metals upon ; absorptive powers 
of, 210. 

Loadstone, various experiments by 
professor Barlocci and Znnte- 
deschi on the magnetizing power 
of light on, 85. 



M. 



Magnetism, experiments illustrativo 
of, as developed by light, 85. 

Malus, M.. discovers the polariza- 
tion of light by reflexion, 143. 
Law of, App. 81. 

Mariotte, his curious discovery that 
the base of the optic nerve was 
incapable of conveying to the 
brain the impression of distinct 
vision, 243. Theory of vision 
proved by comparative anatomy. 

Megascope, a modification of the 
camera obscura, 276. 

Mellon i, Signor, observations on ab- 
sorption of heating rays of spec- 
trum, 316. 

Meniscus, 32. Its effect on parallel 
rays; its effect on diverging rays, 
45. App. 48. 

Microscope, single, 51. The magni- 
fying power of; invented by Jan- 
sen and Drebell, 279. Made of 
garnet, diamond ruby and sap- 
phire, 280. 

reflecting, 51. First 



proposed by Sir Isaac Newton ; re* 
vived iu an improved form by pro- 
fessor Am ici of Mtxiena, 286. 

compound, 283. 

- solar, 288. 



Microscopic observations, rules for, 
287. 

Mirage, a name given to certain rf- 
fects of unusual refraction, by the 
French army, while marching 
through the sandy deserts of Lower 
Egypt, 218. 

Mirrors, 13. Images formed by, 22. 
App. 23. Concave, formation of 
i mages by, 23. App. 24. The prop- 
erties by which they are distin- 
guishod, 265; used as lighthouse 
reflectors, and as burning instru- 
ment9, 26iS. Convex, formation of 
images by, 24. App. ,26. Plane, 
formation of images by, 25. App. 
26. Spherical aberration of, 57. 
App. 55. Plane and. curved, 261. 
Plane burning, the effect produced 
by a number of these, 264. Plajie, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichini , Dr., his experiment on the 
magnetizing power of the solar 
rays, 83; magnetizes several nee- 
dles in the presence of Sir H. 
Davy, professor Playfair, and other 
English philosophers, 84. 



INDEX. 



Mother-of-pearl, the princi|Mil colors 
ttt, obtained from the nhell of the 
pearl oyster; long employed in the 
arts; the manner in which its 
colors may be observed, 103. 

N. 

Newton, Sir Isaac, his discovery of 
the composition of white light, 63. 
Recompoees white light, 65. In< 
flexion or difiVaction of light de- 
scribed by, 86. His method of pro- 
ducing a thin plate of air ; com- 
pares the colors seen by reflexion 
with those seen by transniission» 

.03. His observations on the colors 
of thick plates produced by con- 
cave glass mirrors, 07. His theory 
of the colors of natural bodies, 236. 
His experiment of accidental co- 
lors, 356. Was the first who applied 
a rectangular prism in reflecting 
teleBcopes,270. Executes a reflecting 
telescope with his own hands, 291. 

Non-luminous bodies, 11. 



Objects, test, the use of, introduced 
by Dr. Goring, 287. 

Oblique pencil, cases of, App. 19 ; re- 
flexion by mirror, App. 19 ; which 
crosses axis of mirror, App. 82. 

Opacity, 339. 

Optical flgiires, beautiful, how pro- 
duced, 203. 

Optics, physical, 63. 

Oxides, metallic, exhibit a tempora- 
ry change of color by heat, 239. 

P. 

Parabola, 58. 

Parker, Mr., of Fleet-street, executes 
the most perfect burning lens ever 
constructed, 268. 

Pencil, direct and oblique, defined, 
App. 0. 

Phantasmagoria, 377. 

Plates, thin, colors of, 90. Of air, 
water, and glass, 93. Thick, firet 
observed and described by Sir I. 
Newton as produced by concave 
mirrors, 97 ; a method by which 
the colors may be best seen and 
their theory best studied, 90. Re- 
fraction through, App. 30. 

Polarization by reflexion, law of, 
App. 81. Relative to refraction, 
App. 83. At second surface of a 
plate, App. 83. Partial by reflex- 
ion. App. 83. By ordinary refrac- 
tion, App. 83. Circular ; this sub 



Ject studied with much Mgadty 
and success, by M. Biot, 185. ISllip- 
tical, 190. 

Porta, Baptista, his invention of Um 
camera obscure, 874. 

Primary plane, App. 10. 

Principal focal distance, 17. 

Prisms, refraction of light tlirougb 
33. App. 88. 

Prisms, crown glass, and diamond 
the dispersi ve powers of, compared, 
71. 

Prism, meniscus, used for the came- 
ra obseura, by M. Chevalier of 
Paris, 871. 

Prisms, compound and variable, S71. 



auartx, 01. 



Radiant point, 18. 

Rainbow, primary and secondary, 
833. App. 86. The light of both 
wholly polarized in the planes of 
the radii of tlie arch, 335. 

Ramage, Mr., of Aberdeen, con- 
structs various Newtonian tele- 
scopes; the largest of these is 
erected at the Royal Observatory 
of Greenwich, 397. 

Rays, reflexion of parallel, 15. App. 
14. Reflexion of diverging, 15. 
App. 14. Reflexion of converging, 
16. App. 16. Reflexion of, fl-oni 
concave mirrors, 16. App 13. Re- 
flexion of, from convex mirrors, 30. 
App. 16. Incident ; refracted. 88. 
Focus of parallel; diverging; con- 
verging, for sphere, 39. App. 43. 
Parallel, 41. Rule for finding the 
focus of inrallel for a glass un- 
equally convex, 43. App. 38. Rule 
for finding the focus of a convex 
lens for diverging rays, 43. App. 39. 
Rule for finding the focus of con- 
verging, 40. Apck 44. Rule for find- 
ing the focus or a concave lens for 
diverging, 45. App. 46. Bolar rays, 
the magnetizing power of, 83. 
Falling perpendicularly on the 
surfoce of a prism, App. 89. 

Rectangular plates of glass with no 
double refraction, 190, 

Reflexion by specula and mirrors; 
angle of, 13. Plane of. 14. Fits of, 
111. Total, 34. App. 37. Formuia 
for, deduced from those of refrac- 
tion , A pp. 37. Surfaces of accurate, 
App. 71. 

Refraction, angle of, 38 ; index of, 30. 
App. 38. Through prisms, 31. App. 
38. And lenses, 31. App. 31. The 
composition of white light dissov* 
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ared by, 83. Polariutlon by, 153. 
App. 83. Unnsual, 215. Buiikces 
of accurate, App. 71. 

Refraction, double, the law of, at it 
exists in Iceland spar, ISS. I.aw 
of, App. 79. Comniunicated to 
bodies vy heat, rapid cooling, pres- 
sure, and induration, 135. Gene- 
ral observations on, 214. 

Refirastive power, tables of. Author's 
App. 310. Absolute, 310, 315. 

Riess and Moser, MM., tbeir experi- 
ments on tbe magnetizing power 
of solar rays, 85. 

Rocbon, 81. 



0cheele, tbe celebrated, 82. 

Bcbeiner, the original account of a 
parhelion seen by, 228. 

Sooresby, captain, in navigating the 
Greenland seas, observed several 
eases of unusual refraction, 217. 

Secondary plane, focal length in, 
foiind. Am. 21. 

Seebeck, M., his experiments on tbe 
beating power of tbe spectrum, 62. 
And on the chemical influence of, 
83. Published an account of ex- 
periments with cubes and glass 
eylioders, 902. 

Belf-luminous bodies, 11. 

Senebier, 81. 

Solar spectrum consists of three 
colorad spectra of equal lengths,— 
red, yellow, and blue, 68. 

Somerville, Mrs., her experiments; 
produces magnetism in needles, 
which were entirely free Arom 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baumgartner, 84. 

Spectrum, the, 78. Properties of; 
the existence of fixed lines in, 78. 
The illuminating power «f, 80. 
The heating power of, 81. Chem- 
ical influence of, 82. 

Spectacles, periscopic, invented by 
Dr. Wollaston, 267. 

Specula, plane, concave, and con- 
vex, 13. 

flpbere, rule for finding the focus of, 
40. App. 42. 

■ . .. of glass, with a number of 
axes of double refraction, 201. 

Spherical surfisces, of same curva- 
ture, refraction by, 49. 

Spheroids, class, with one axis of 
double refraction, 201. 

Substances with circular double re- 
fraction. 136. 

Sulphuric acid, 73. 



Surfhoes, grooved, the prodactioif of 
color by ; and of the communica- 
bility of these colors to various 
substances, 104; apfriied to the 
arts by John Barton, Esq., 106. 

T. 

Tabasheer, the refractive power of, 
239. 

Talbot, Mr., his experiments on the 
colors of thin plates, 97. His ob- 
servations on films of blown glass, 
lOO. 

Teinoscope, 303. 

Telescope, reflecting, 50. Astronom^ 
ical refracting, 51. Achromatic, 
one of the greatest inventions of 
the last century, pronounced by 
Newton to be hopeless; accom- 
plished soon after his death, by Mr. 
Hali ; brought to a high degree of 
perfection by Mr. Dollond, 76. Ter- 
restrial, 290. Galilean, 291. Gre- 
Sorian reflecting, 291. A rule to 
nd the magnifying power of, 293. 
Cassegrainian, 293. Newtonian, 
an improvement on tbe Gregorian 
one, 2!^. Sir William Berschers, 
296. Mr. Ramage's, 297. Achro- 
matic solar, with single lenses, 305. 
Imperfectly Achromatic ; the im- 
provement of, :I06. 

Thenard, the first who observed 
blackness produced on pbospho 
rus, 124. 

Thickness, correction for, App. 35. 

Topaz, Braziliaji, 210. 

Transmission, fits of, 111. 

U. 

Undulations, theory of, 116 and ^18 
Great progress of, in modern times; 
the doctrine of interference in ac- 
cordance with, 118. 



Vergency, term used by Lloyd, A pp. 12 

Villele, M., of Lyoas, burning in- 
struments made by, 266. 

Vince, Dr., his observations on un- 
usual refraction, 216. And on a 
most remarkable case of mirage, 
218. 

Vision, the seat of, 243. Erect, the 
cause of, from an inverted image, 
246. Distinct, tbe law of, 247. Ob- 
lique, 248. 

Visible direction, the law of, 245', 
the centre of, 246. 
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Water, tbe absorptive power of, 190. 
For beating rays, 317. 

WollaBton, Dr., bis discoveries on 
tbe cbemical effects of ligbt on 
gam guaiacum, 83. His invention 
of the periacopic spectacles, 967. 
Of tbe camera lucida, 277. Dou- 
blet, S84. . Refraction tbrough 
strata of air of different densities 
proved by, 919. 

Wanscb, M., bis observations on 
akobol and oil of turpentine, 89. 



Young, Dr., bis invention of the in- 
strument called tbe eriometer, 101. 
His illustration of tbe undulatory 
tbeory drawn from tbe spring and 
neap tides, 118. His experiment! 
on tbe interference of tbe rays of 
ligbt. 114. 

Z. 

Zantedescbf , M., bis observations on 
oxidated magnets and tbose wbicb 
are not oxidated; repeats Mr. 
Cbri8tie*s experiments on Qeedlet 
vibrating in tbe sun's liglit, BS, 
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